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PREFACE
The dissertation consists of the main body and Appendices. The main 
body incorporates four chapters. Chapter one discusses the purpose and 
scope of this study, followed with background material that is pertinent to 
this work. Chapter two involves a computational investigation of hydrogen- 
bonding geometries of related chemical models of the aspartate—histidine 
(Asp—His) couple. Chapter three examines results of the X-ray diffraction 
study regarding hydrogen bonding in intermolecular models of the Asp—His 
couple. Chapter four describes synthetic methods leading to the preparation 
of intramolecular models of the Asp—His couple.
Crystallographic data and calculated positional parameters are contained 
in the Appendices. Relevant manuscripts are also included in the 
Appendices.
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ABSTRACT
The geometry of the carboxylate—imidazolium hydrogen bond in the 
crystalline state and the effect of microenvironment are investigated in 
models of the aspartate—histidine (Asp—His) couple. Synthetic methods 
leading to the preparation of intramolecular models, possessing syn and anti- 
oriented hydrogen bonds, also are described. A single-pot procedure has 
been developed for converting phenoxyacetonitriles into their respective 
benzimidazole derivative in higher yields than the traditional two step 
procedure. An efficient single-pot procedure also has been developed for 
converting benzofuran to its acetylene derivative, 2-acetoxyphenylacetylene. 
This method involves in situ acetylation of the unstable phenol intermediate.
Nine intenrtolecular imidazolium—benzoate couples have been prepared 
and their structures analyzed by single crystal X-ray crystallography. The 
structure of an intramolecular model also has been determined by single 
crystal X-ray crystallography. The orientation of all the imidazolium 
hydrogen bonds is syn relative to the carboxylate. Furthermore, syn 
hydrogen bonds are shorter than anti hydrogen bonds. The strength of the 
hydrogen bond increases as ApKa between the donor and acceptor decreases. 
The basicity of the carboxylate is governed by the number of hydrogen 
bonds accepted by it: successive hydrogen bonding to carboxylate decreases 
its basicity. Consequently, correlations of hydrogen-bond strength and 
basicity (pXfl and PA) of carboxylates are more reliable when carboxylates 
accept equal number of hydrogen bonds. Stereoelectronics of syn hydrogen
xiv
bonding to carboxylates are affected by the presence of strong and 
geometrically constrained anti hydrogen bonding. With respect to the plane 
of the carboxylate, syn hydrogen bonding lies (1) within 10° in the absence 
of anti hydrogen bonding, (2) out-of-plane (30-35°) in the presence of one 
anti hydrogen bond, and (3) within 10° in the presence of two anti hydrogen 
bonds. Out-of-plane distortion in the presence of an anti-oriented hydrogen 
bond suggests a catalytic role for the anti-oriented Ser-214 side-chain in 
serine proteases.
xv
C h a p t e r  1
INTRODUCTION
I f I have seen farther than others, it is because I have stood on 
the shoulders of Giants.
Sir  Isa a c  N e w t o n
Characterized as large and complex macromolecules, enzymes are 
proteins with catalytic activity that exhibit high degrees of specificity and 
large rate accelerations. Essential for the activity of enzymes is the "active 
site", also referred to as the active center or catalytic cavity. Catalysis occurs 
in this region on the surface of the enzyme. Distinctive amino acid residues 
make up this central segment of enzymes in a well defined and highly 
ordered geometry. Aliphatic and aromatic hydroxyl groups, amino groups, 
imidazole moieties, and sulfhydryl groups are among the common side- 
chain amino acid residues found in active sites. Specific binding interactions 
between enzymes and substrates constitute an integral component of the 
catalytic process.
Biochemical transformations follow the underlying principles of physical
1
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organic, and inorganic chemistry. Enzymes may be classified as heterogeneous 
or homogeneous catalysts, and provide a new reaction pathway in which the 
rate-determining step has a lower free energy of activation than that of the 
uncatalyzed reaction. In addition, all transition-state energies in the catalyzed 
pathway are lower than the lowest one of the uncatalyzed. Catalysis follows 
as the reacting molecules are brought together at the active site of enzymes. 
Because many uncatalyzed reactions occur at tem peratures much higher than 
body temperature (37°C), the need to understand the actual mechanism of 
enzyme action is crucial for designing catalysts that approximate rates of 
enzymatic reactions.
1.1 PURPOSE AND SCOPE
The primary objective of this work is to study the geometry of 
carboxylate in hydrogen bonding with imidazole, and in particular, the 
consequence of the hypothesis that the syn lone pairs of the carboxylate 
oxygens are more basic than the anti (Figure l.l) .1 The central question of
/  /0 < o % v
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Figure 1.1 Stereoelectronics of 
carboxylate depicting the syn 
and anti lone pairs.
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this issue is: Does the orientation of the carboxylate within the hydrogen bond 
alter the acid-base properties of the system? To evaluate the carboxylate 
hypothesis, we use models of the aspartate-histidine couple (Asp—His). This 
couple and a serine residue compose the catalytic triad, the principal 
catalytic machinery for serine proteases.
We adopt two separate but fundamentally similar strategies for 
evaluating the "carboxylate hypothesis". The first approach explores the 
stereoelectronic preference of the carboxylate in hydrogen bonding, and in 
particular, whether the syn orientation is thermodynamically favored over the 
anti. This approach involves preparation of a series of carboxylate—imidazole 
couples, followed by detailed analysis of hydrogen-bonding geometries by 
single crystal X-ray diffraction. In addition, we evaluate the strength of the 
resulting hydrogen bonds with respect to the basicities of the carboxylates.
The second approach involves the design and synthesis of 
intramolecular models of the Asp-His couple, where the carboxylate is 
juxtaposed in a desired orientation for hydrogen bonding with imidazole. 
We then compare the solid-state structures of the resulting models, and 
examine the hydrogen-bonding geometries.
1.2 SIGNIFICANCE
Extensive crystallographic studies reveal that biomolecules employ 
hydrogen bonding for structure, catalysis, and recognition.2 The best 
evidence for the optimal orientation (syn) of carboxylates also comes from
1.2 Significance 4
crystallographic data for several enzymes employing carboxylate-imidazole 
couples (Figure 1.2).1,3 Refinement of crystal structures of proteins, however,
Figure 1.2 Syn-oriented carboxylate-imidazolium hydrogen bond, 
requires geometrical constraints or restraints because the num ber of observed 
diffraction intensities is insufficient to determine atomic positions and 
thermal parameters even at 1.5-A resolution.4 This means that unrefined 
coordinates of protein structures can be in error, in many instances, by 1 A 
or more. As a result, hydrogen atom positions are estimated and hydrogen 
bonds are implied from positions of heavy atoms. Sielecki et al.5 suggest 
prudence when employing protein coordinates to explain structural reasons 
for the enhancement of reaction rates by enzymes.
Miniature organic models, however, provide more accurate structural 
data than large macromolecules. Single crystal X-ray analysis of small- 
molecule models of biomolecular hydrogen bonds reveals structural motifs6 
that parallel the motifs in proteins.3'7 The hundred-fold improvement in 
resolution in the smaller models enables a more precise representation of 
these trends.
This work focuses on the carboxylate-imidazolium hydrogen bond, 
especially the stereolectronic aspect. The models studied provide an accurate 
structural basis for the design of artificial enzymes that employ a carboxylate
1.2 Significance 5
-imidazole couple, and for the refinement of protein crystal structures that 
require restraints. Consequently, such structural bases should greatly benefit 
those who study catalysis by theoretical correlation of structure and 
energetics of enzymes using X-ray structural data.
1.3 ENZYME MODELS
Only a few enzymatic mechanisms are well understood. Determining 
the overall catalytic process requires a knowledge of each of the components 
that comprise the active site. Measuring the relative contribution of each 
component is difficult and sometimes an impossible task. With the aid of 
chemical models, however, one can estimate the significance of individual 
catalytic parameters. This chemical approach to biological systems is often 
referred to as biomimetuf chemistry. Miniature organic models of enzymes 
synthetically mimic the active-site amino-acid residues and stereochemistry.8 
Elucidating the biochemical reaction mechanism demands modeling of the 
shape, size, and microscopic environment of the enzymic binding subsite.
In general, an enzyme model m ust simulate the enzyme mechanism in 
order to provide a plausible explanation of the enzymatic rate enhancement. 
Certain criteria, which are characteristic of enzymatic catalysis, must be met.b
a The term "biomimetic" has been coined by R. Breslow, and refers to 
any aspect in which a chemical process imitates a biochemical reaction. See 
reference (8).
b H. Dugas in reference (15); ch 5.
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The enzyme model should:9
(a) provide a binding site for the substrate,
(b) indude catalytic groups required to affect the reaction,
(c) have a defined structure, particularly with respect to substrate 
orientation and stereochemistry,
(d) catalyze the reaction in water at physiological pH  and temperature.
(e) obey Michaelis-Menten kinetics (saturation behavior), exhibit bi- or 
multifunctional catalysis, and lead to a rate enhancement.10
Once the essential features to mimic have been established, enzyme models 
are prepared and examined for their catalytic activity.
1.4 SERINE PROTEASES
One of the most extensively studied class of enzymes is the serine 
proteases. These proteolytic enzymes are characterized by a uniquely reactive 
serine at the active site.11,15 Their best known representatives, chymotrypsin 
and trypsin, are pancreatic enzymes, which are related through evolution. 
Serine proteases also include the bacterial subtilisins, which evolved through 
a different route, and enzymes that partidpate in the cascade reactions of 
blood clotting. This family of enzymes also includes others that play 
important roles in phage maturation, fertilization, and other important 
biological phenomena. Table l . l 12 summarizes some physiological events that 
are switched on or off by controlled proteolysis, where a distinct serine 
proteases acts in each case.
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Table 1.1 Control Functions of Serine Proteases.12
Physiological function Examples
Defense mechanism Blood coagulation
Hormone production Proinsulin —> Insulin
Macromolecular assembly Fibrinogen —» Fibrin 
Procollagen -» Collagen
Digestion Zymogen -» Active Protease
Development Prococoonase -» Cocoonase 
Prochi tin Synthetase -» Chi tin Synthetase
1.4.1 Chvmotrvpsin
Chymotrypsin, which was isolated by Kunitz13 in the 1930s, is the most 
studied member of the serine protease family of enzymes. More information 
is available on its mode of catalysis than for almost any other enzyme. Cells 
of the mammalian pancreas synthesize an inactive proenzyme form, 
chymotrypsinogen. The inactive chymotrypsinogen, which is a single 
polypeptide chain of 245 amino acids, with a mass of about 25 kDa (25,000 
mol wt.), becomes activated only in the extracellular environment of the 
intestine.14 Chymotrypsin, an endopeptidase, degrades ingested proteins 
and polypeptides.
The three-dimensional structure, deduced from X-ray diffraction, reveals 
that chymotrypsin consists of three polypeptide chains connected by two 
interchain disulfide bonds.11 It hydrolyzes peptide bonds on the carboxyl 
side of the aromatic side-chain residues; phenylalanine (Phe), tyrosine (Tyr), 
and tryptophan (Trp). It also cleaves on the carboxyl side of methionine
1.4.1 Chymotrypsin
(Met) but to a lesser extent (Figure 1.3).
8
R
H
Trp ______________Met
Figure 1.3 Polypeptide specificity of chymotrypsin.
1.4.2 Mechanism of Proteolysis
Extensive investigations of chymotrypsin have revealed that the active 
site contains mainly three catalytically critical amino-acid residues: (1) serine- 
195 (Ser-195), (2) histidine-57 (His-57), and (3) aspartate-102 (Asp-102). The 
functional groups on the side chains are most important. They are (a) the 
hydroxyl group of Ser-195, (b) the imidazole of His-57, and (c) the 
carboxylate of Asp-102.
The enzyme-catalyzed hydrolytic reaction has been shown to occur in 
at least three kinetically distinguishable steps (Equation l.l) .15
E + S ES —» E—Ac -» E + P2 (1.1)
+ Pi
The first step consists of a very fast, diffusion-controlled formation of a 
noncovalent enzyme-substrate complex, the Michaelis complex, E S. In the
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following step, the acyl group (Ac) of the substrate covalently attaches to 
the hydroxyl of Ser-195 with concomitant release of the amine Pj of the 
amide substrate. The rest of the substrate remains as the acyl intermediate 
(E—Ac), esterified to Ser-195. The resulting acyl intermediate hydrolyzes, 
presumably by the same process as esterification, except that a water 
molecule is the nucleophile. This hydrolysis produces carboxylic acid, P2, 
which when released regenerates the free enzyme.
Some propose charge-relay catalysis for the serine proteases (Figure 
1.4).15 The proposed mechanism involves synchronous transfer of two 
protons; one proton from His-57 to Asp-102, the other from Ser-195 to His- 
57. As a result, the nucleophilicity of the oxygen of Ser-195 increases, thus 
facilitating the acylation step. Deacylation occurs via the same two proton 
transfers, increasing the nucleophilicity of the water molecule, which attacks 
the carbonyl group of the acyl enzyme ester.
Figure 1.4 The charge-relay system of a-chymotrypsin 
depicting the acylation step (X = N H R , OR).
This proposed mechanism of catalysis is based on crystallographic data,
and originates from the alignment of the catalytic triad; Asp-102, His-57, and
His-57
Asp-102
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Ser-195. The catalytic efficiency, however, cannot be attributed exclusively 
to the presence of the charge-relay system. Other parameters have been 
implicated in the catalytic process from X-ray studies.16 Hydrogen bonding 
of the substrate carbonyl function with the main chain of Ser-195 and Gly- 
193 stabilizes the tetrahedral intermediate and lowers the transition-state 
energy-barrier. Hydrogen bonding involving Gly-193 is absent in 
chymotrypsinogen.16 Conformational changes, induced by binding of the 
substrate, may amplify enzyme activity.
It is believed that the buried carboxylate of Asp-102 polarizes the 
imidazole ring of His-57, because the buried negative charge induces a 
positive charge adjacent to it.17 This polarization facilitates proton transfer 
along hydrogen bonds, thus allowing the hydroxyl proton of Ser-195 to be 
transferred to His-57. As a result, the serine residue becomes activated 
towards attacking the sdssile peptide bond of the substrate.15
1.4.3 Mechanistic Uncertainties
Extensive investigations of serine proteases have not calmed the intense 
debate about the catalytic mechanism. For example, it is unclear how such 
related systems as chymotrypsin and chymotrypsinogen differ by 7 orders 
in magnitude in their catalytic activity.15 Many challenge the occurrence of 
the "double-proton" charge-relay mechanism.18 Recent nuclear magnetic 
resonance experiments19 as well as neutron diffraction studies20 provide 
evidence against ground-state proton transfer, though it could not be
1.4.3 Mechanistic Uncertainties 11
excluded in the transition state.
Serine proteases function as a general-base for the activation of the 
serine hydroxyl group. Despite the wealth of information regarding the 
catalytic mechanism of this family of enzymes, the exact role of the 
Aspioz—His57 (—COO'—HN<) couple remains unidentified. Some believe that 
this couple strongly contributes to the catalytic activity of serine proteases. 
Recent site-directed mutagenesis of trypsin21 and subtilisin,22 where Asp- 
102 is replaced by Asn (asparagine), reduces kcat by 10,000-fold relative to 
the native enzymes. These findings suggest that Asp-102 contributes around 
6 kcal/m ol to the reduction of the activation energy for amide hydrolysis. 
This deceleration implies a catalytic role for the side-chain carboxylate of 
Asp-102.
1.5 THE CARBOXYLATE GROUP
The carboxylate group of aspartate and glutamate side chains at the 
active-sites of enzymes is versatile. The carboxylate not only serves as a 
common site for the binding of metal ions in metalloenzymes,23 but also 
participates in general-add-base and nucleophilic catalysis as well.24 The 
carboxylate in intramolecular nucleophilic catalysis in model reactions 
sometimes approaches the efficiency of enzymes, but intramolecular general- 
base catalysis usually proceeds with only moderate rate accelerations relative 
to iMfermolecular model reactions.25 Figure 1.5 depicts examples of 
intramolecular models of Asp—His couples for studying general-base
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Figure 1.5 Selected pre-1981 models of the 
Asp—His couples of serine proteases for studying 
intramolecular general-base catalysis by carboxylate.
catalysis before 1981.26
1.5.1 Stereoelectronics of Carboxylate
The concept of conformationally dependent orbital interactions, referred 
to as stereoelectronic effects, successfully correlates structure, conformation, 
energy, and reactivity.27 The contribution of stereoelectronic effects to the 
structure and reactivity of biomolecules receives considerable attention.28 
Because of the occurrence of carboxylate in active sites of many enzymes, 
the stereoelectronics of carboxylate are especially relevant.
Intramolecular reactions are generally faster than the corresponding 
intermolecular reactions. However, as pointed out in the preceding section, 
intramolecular general-base catalysis by carboxylates are less efficient than 
the intermolecular counterparts. On the other hand, intramolecular 
nucleophilic catalysis by carboxylate is more effective than intramolecular 
general-base catalysis.25
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Why is intramolecular general-base catalysis involving carboxylate less efficient 
than intramolecular nucleophilic catalysis and intermolecular general-base catalysis? 
Justifications abound for why nucleophilic catalysis by carboxylates is 
generally more effective than general-base25. The inefficiency of intra­
molecular general-base catalysis relative to intramolecular nucleophilic 
catalysis is attributed to a smaller "effective molarity" (EM), the rate constant 
for the intramolecular reaction divided by the rate constant for the analogous 
bimolecular reaction.25 In this respect, Gandour has argued that a 
considerable stereoelectronic effect renders the carboxylate syn direction 
more basic by as much as 104 than the anti}  He has ascribed the observed 
inefficiency toward intramolecular general-base catalysis to the improper 
orientation of the carboxylate in the previously studied models (see Figure 
1.5). Gandour1 suggested that carboxylate favors the syn direction for 
hydrogen bonding or complete proton transfer (Figure 1.6). Because the anti
,o q  /==\ 
-C( e  f= \ e  o o  ..H-N^N-H
OO ...H-N.jSj.N-H OC^
Syn Anti
Figure 1.6 Proposed energy-minima 
orientations of carboxylate in hydrogen 
bonding.1
lone pair is less basic than the syn, the EM value for anti-oriented 
carboxylate in general-base catalysis would increase by twenty-fold, when 
calculated on the basis of the pKa of the anti lone pair. Greater rate
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accelerations could be achieved with chemical models that display properly 
oriented carboxylates.1 The proposed carboxylate orientation, also referred to 
as the "carboxylate hypothesis" or '"syn hypothesis" continues to receive 
considerable scrutiny.29,30,31
1.5.2 Rationale for the Carboxylate Hypothesis
Crystallographic data on serine protease11,15 provide the best evidence 
for syn orientation in hydrogen bonding by carboxylate. Figure 1.7 depicts 
the active-site residues of a-chymotrypsin at 1.68-A resolution,32 (atomic 
coordinates from the Brookhaven Protein Data Bank,33 (PDB)). Other
Figure 1.7 Stereo view of the catalytic triad of a-chymotrypsin at 1.68- 
A resolution (only the carboxylate, imidazole, and hydroxyl groups of 
the active-site residues are shown; atomic numbering is arbitrary).
enzymes, such as carboxypeptidase,34 lactate and malate dehydrogenase,35 
DNAse I,36 and thermolysin37, offer further structural evidence for syn- 
oriented carboxylates in catalysis.
The conformational isomerism of carboxylic acids illustrates best the 
preference for syn orientation in hydrogen bonding. Carboxylic acids possess 
two energy-minima conformers: the syn (Z) conformer, where the C = 0  and
011
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the O—H are on the same side of the C—O bond, and the anti (E) 
conformer, where the corresponding bonds are on opposite sides of the 
C—O. Both conformers are related by 180° rotation about the C*—O* bond 
(0=C*—O*—H) with a barrier at ca. 90°. Ionization of either conformer 
yields the carboxylate ion (Figure 1.8). Ab initio molecular orbital calculations
O
R-cf
K O
a H
R <
H '
.0
KaSy" N  ^ K „ aMi
O
R -c fe
O <5 H +(Syn)
4
/
H+(Anti)
Figure 1.8 Thermodynamic cycle for 
the ionization of syn and anti 
conformers of carboxylic acids.1
on formic acid find that the syn conformer is about 4-6 kcal/m ol lower in
energy than the anti conformer.38 IR and microwave spectroscopy measure
an energy difference of at least 4 kcal/m ole in the gas phase.39 Protonation
only from the syn direction of the carboxylate gives rise to the more stable
conformer of carboxyl.
1.5.3 Impact of the Carboxylate Hypothesis on General-Base Catalysis
Is there a catalytic advantage for a syn-oriented carboxylate relative to
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an anti-oriented carboxylate? This is perhaps the most important focus of the 
carboxylate hypothesis, but the question remains unanswered. A corollary 
of the carboxylate hypothesis, is that there is more electron density in the 
syn direction them in either anti.38 This implies that the carboxylate is a 
much more efficient catalyst if a proton approaches from the syn direction.
How much it affects rates of catalysis can be estimated from the 
Bronsted catalysis law:40
k = C K *  (1.2)
where k is the rate constant for the reaction, C is a proportionality constant, 
and P is the Bronsted coefficient. For the syn-oriented carboxylate, the rate 
expression is
K yn  = CKT ■* (1.3)
and the rate expression for the anti-oriented carboxylate is
Knti = CK^‘-f> (1.4)
Expressing fC. in terms of free energies, the relative rate expression becomes
e P“ G/ RTl (1-5> 
Based on the calculated value of K (=10~4) for syn-*anti conformational 
equilibria for acetic and propionic acids, and a value of 0.5 ± 0.2 for (3, 
Gandour1 estimates a rate increase of about 10211 for a syn-oriented 
carboxylate relative to anti oriented carboxylate. The computational study of 
Li and Houk, however, finds that the anti lone pair is kinetically more basic 
than the syn.29 Nevertheless experimental testing has barely have begun.
1.5.3 Impact of the Carboxylate Hypothesis on General-Base Catalysis 17
1.5.4 Hydrogen Bonding Effect on Acid-Base Properties
Another corollary of the carboxylate hypothesis is that a syn-oriented 
hydrogen bond is stronger (shorter) than an anti oriented hydrogen bond 
(Figure 1.6).1 Hydrogen bonding can modulate the acidity and basicity of an 
acid-base pair by lowering the pKa of the acceptor and raising the pKa of the 
donor.41 Carboxylate—imidazole couples show similar effects. The
imidazolyl of His in trypsin has a pKa of 6.O.42 Replacing Asp-102 with Asn- 
102 in trypsin lowers the pKa of His-57 by 1.5 pKa units (from 6.8 to 5.3).21 
The ensuing p Ka difference results from removal of the carboxylate acceptor. 
In an analogous study, the p Ka of imidazolyl in the Asp70—His31 couple of 
T4 lysozyme decreases by 2.2 units (from 9.1 to 6.9) upon substituting the 
aspartyl residue with asparagine.43 A pH-induced denaturing experiment 
further confirms this effect. As anticipated, the pKa of His-31 in the resulting 
unfolded protein drops by 2.3 units, while the pKa of Asp-70 increases from 
0.5 in the native state to 3.5-4.0 in the unfolded state.43
The strength of the hydrogen bond has a profound effect on the 
magnitude of ApKa (difference between donor and acceptor) as well.44 In 
view of the carboxylate hypothesis, a larger ApKa should result from a syn- 
oriented hydrogen bond than from an anti-oriented hydrogen bond. Because 
hydrogen bonding precedes proton transfer, experimental determination of 
dissociation constants allows indirect measure of the preference in the 
carboxylate orientation in protolytic reactions.
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1.6 RECENT DEVELOPMENTS
The role and stereoelectronic preference of the Asp residue in the active 
site of serine proteases continues to baffle researchers. Numerous efforts are 
directed towards modeling the Asp—His couple due to the lack of kinetic 
evidence in support of the carboxylate hypothesis. Despite the existing 
crystallographic data on enzymes that employ a carboxylate in catalysis, the 
catalytic function of hydrogen bonding to carboxylate remains a mystery.
1.6.1 Theoretical Studies
Li and Houk29 have asserted computationally the basicity of carboxylate 
syn and anti lone pairs. Their ab initio molecular orbital calculations at the 
(6-31+GV/3-21G) level suggest that the syn-oriented formic acid—ammonia 
hydrogen bond is more stable than the anti oriented hydrogen bond by 6 
kcal/mole. Similarly the syw-oriented formate—ammonium hydrogen bond 
is more stable than the anti bu t to a lesser extent.
Li and Houk29 have investigated the enolization of acetaldehyde by 
formate ion as a prototype for carboxylate catalysis. The early stages of 
proton transfer favors syn deprotonation by 0.3 kcal/m ole over anti 
deprotonation. At later stages, anti deprotonation becomes favored by 2.5 
kcal/m ole. They attribute the resulting inversion in the stereoelectronic 
preference to electrostatic repulsion between the negatively charged enolate 
and the distal oxygen lone pairs of the syn-oriented carboxylate.29 On the 
other hand, calculations of structures in which the forming enolate oxygen
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is solvated by one water molecule result in a 5 kcal/m ole preference for syn 
deprotonation, analogous to the preference in hydrogen bonding.29
Because the nucleophilicity of syn and anti lone pairs should parallel 
their respective basicities, Li and Houk have also studied the gas-phase Sn2 
reaction of formate anion w ith methyl fluoride at the 3-21G level. The 
transition structure leading to the syn ester is more stable by 1.6 kcal/m ole 
than that leading to the anti e ster29
1.6.2 Biomimetics
Chemical models exhibiting the correct (syn) carboxylate orientation are 
required for assessing the importance of the carboxylate hypothesis. A few 
models that feature the desired (syn) orientation have been reported recently, 
but without crystallographic evidence. The Asp—His model of Zimmerman 
and Cramer30 displays a significant enhancement in the basicity of the 
imidazolyl when amide is replaced by carboxylate (Figure 1.9), as seen in 
the mutagenesis studies discussed above. Their model catalyzes the 
hydrolysis 2-NPDPP 2 times faster than the amide derivative of the model.
7.5
NH, 6.15
Figure 1.9 The syn-oriented Asp—His model of 
Cramer et al.
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NO-
2-NPDPP
Rebek and coworkers45 report an enhancement in the basicity of the 
imidazolyl in models with syn-oriented hydrogen bonds to carboxylate 
(Figure 1.10). The imidazolium pKas are 7.7 and 7.2 for models a and c, 
respectively, an enhancement of 0.3-0.7 p Ka units. In addition, they measure
Figure 1.10 Biomimetic models of Rebek et 
al. displaying syn-oriented carboxylates.
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no enhancement in the rate of intramolecular general-base enolization in 
model b.
Skorey et al?x challenge the enhancement of imidazole basicity due to 
hydrogen bonding with syn-oriented carboxylates in a study that employs 
anti oriented carboxylates. They attribute the increase in the basicity of 
imidazole (ApKa = 1.2) in the Asp—His—Ser (Figure 1.11) model, and of 
other amines, solely to electrostatic interactions. They further suggest that 
incorporation of a syn-oriented carboxylate may be only an evolutionary and 
not a catalytic advantage in the Asp—His couples.31
Figure 1.11 Model of 
the catalytic triad 
exhibiting an anti 
oriented carboxylate.
1.6.3 Stereoelectronic Integrity in Metal Chelates
The stereoelectronic character of carboxylates applies to other 
interactions in addition to hydrogen bonding. The stereoelectronic preference 
upholds with metal-ion interactions. A recent survey of carboxylate salts 
supports the preferential syn stereochemistry of carboxylate—metal ion
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interaction.46 Studies of syw-oriented carboxylate-containing chelates (molecule 
a in Figure 1.12) demonstrate dramatic chelation relative to classical chelates 
such as ethylenediaminetetraacetic acid (EDTA) 47
EDTA
Figure 1.12 Carboxylate-containing metal 
chelates.
The convergence of the two carboxyl groups in a molecular cleft for 
molecule a resembles the convergence of functional groups at the active 
sites of enzymes. Such an arrangement provides a good opportunity to 
measure the contribution of stereoelectronic factors at the carboxyl oxygens. 
Figure 1.13 summarizes pKa values for three different molecular clefts with 
various distances between the carboxyl groups.46 The distance separating the
spacer spacerspacer
Spacer p Kat pKa2
3.6-dimethylnaphthyl 5.5 7.5
3.6-dimethylacridinyl 6.5 7.8
2,4-dimethylphenyl 4.8 11.1
Figure 1.13 Molecular clefts incorporating carboxyl groups.
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carboxyl groups is about 3 A for the benzene spacer. This short distance 
forces the convergence of the carboxyl groups from the syn direction. In 
comparison with the first two molecular clefts, the benzene derivative 
exhibits the largest ApKa (6.3) and also binds stronger to Ca2+ and Mg2+.
Metalloenzymes for which carboxylates are part of their active site also 
exhibit orientational preference. A survey of zinc-metalloenzymes illustrates 
that orientation of direct —C O O '-Z n++ interactions are exclusively syn with 
respect to the carboxylate.48 Furthermore, the same survey has revealed that 
syn is the preferred orientation for the Asp—His couple in more than 30 
examples of zinc proteases (Asp—His—Zn).48 In a similar context, 
Christianson and Lipscomb49 attribute the potent inhibition of zinc enzyme- 
inhibitor complexes to a strong syn-oriented carboxylate—zinc coordination.
1.7 PREVIEW OF CURRENT STATUS
The preceding sections have offered experimental and theoretical 
evidence demonstrating that stereoelectronic effects render the carboxylate 
syn-direction more basic than the anti. The stereoelectronic advantage during 
general-base catalysis, however, lingers with skepticism. The model of Rebek 
et al. (molecule b, Figure 1.10) exhibits no significant enhancement in the 
rate of intramolecular general-base enolization by the carboxylate. A syn- 
oriented carboxylate enhances the basicity of the imidazolyl of Zimmerman 
and Cramer's Asp—His model (molecule a, Figure 1.10). With respect to 
catalysis though, they argue that the benefit of a syn-oriented carboxylate "is
1.7 Preview of Current Status 24
minimal and limited to the small increase in pKa". The Asp—His—Ser model 
of Skorey and coworkers (Figure 1.11) displays similar enhancement in the 
basicity of the imidazolyl in the presence of an anti-oriented carboxylate, but 
participation of the carboxylate in general-base catalysis is not evident.
C h a pt e r  2
EVALUATION OF CURRENT 
CHEMICAL MODELS
The last section in the previous chapter portrays the essence of the 
skepticism that shrouds the carboxylate hypothesis. Certainly, more chemical 
models are required in order to surm ount the ongoing controversy. The 
experimental discrepancy resulting from the model of Rebek et al. and that 
of Skorey et al. undermines the carboxylate hypothesis. Nevertheless, 
contrasting results render such models more valuable. Schowen50 has 
asserted that "models which fall far short of mimicking every aspect of 
enzyme function can be very valuable in elucidating the inherent capacity 
of small-molecule fragment, in the absence of the polypeptide framework, 
to produce parts of the catalytic effect". Several effects may have contributed 
to the observed contrasting results. Orbital steering,51 propinquity,52 directed 
proton transfer,53 and stereopopulation control54 are just few of the many 
proposed factors relating orientation and reactivity.55
2.1 HYDROGEN BONDING STABILITY
The central issue in this study is the ability to form stable 
intramolecular hydrogen bonds. There are no crystallographic data for any 
of the recent chemical models. The authors assume strong hydrogen bonds.
25
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This assumption has prom pted us to analyze the hydrogen bonding 
geometries in these chemical models by molecular mechanics.
2.1.1 Chemical Model of Rebek and Coworkers
The chemical model of Rebek and coworkers, depicted in Figure 1.10,45 
exhibits a syn-oriented carboxylate, but no rate enhancement is observed for 
intramolecular deprotonation of the ketone 45 From molecular mechanics, they 
only report the C -O  distance (3.1 A) between the carboxylate oxygen and 
the a-carbon of the ketone. Although the C -O  distance is acceptedly short, 
intramolecular general-base catalysis is influenced by other structural 
parameters as well. Menger56 et al. have illustrated that rates of C ->0 proton 
transfer hinge on both C—H -O  distance and C—H -O  angle.
We have used molecular mechanics57,58,59'60 to evaluate all parameters 
for intramolecular proton transfer. Table 2.1 summarizes the relevant 
geometrical parameters of the optimized structure, depicted in Figure 2.1. 
Both oxygens of the carboxylate can accept hydrogen bonds. Our calculations 
give a C15—0 17 distance of 3.2 A, which agrees with the value reported by 
Rebek et al. The shortest contact involves 0 17- H 44, and equals the sum  of 
the van der Waals radii of oxygen and hydrogen (2.60 A). The calculated 
C15—H44—0 17 angle of 51°, however, is severely bent. In addition, the 
calculated torsion angle about the C*—O* bond of the carboxylate 
(ZO=C*—0 * -H  = 38°) is larger than the ideal value for the syn carboxylate 
(O0).38 Menger et al.56 have established that intramolecular C—>0 proton
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Figure 2.1 Stereoview for the molecular mechanics optimized geometry 
of Rebek et al/ s  model.
Table 2.1 Molecular Mechanics Calculated Parameters for 
Intramolecular Proton Transfer at a Constant Dielectric e=1.5.§
D __Aonor cceptor D -A  (A) ZD—H -A  (°) to (°)+
C15-017 3.2 (3.1)*
H43-017 2.9 92 -45
H44-017 2.6 51 -38
C15-018 3.6
H43-018 2.8 136 47
H44-018 3.6 101 24
+to is the H -O —C = 0  torsion angle.
* Value in parentheses reported by Rebek et a/.45 
§ Atomic coordinates are given in Appendix 2B.
transfer with severely bent C—H -O  angles (> 106°) is "permissible" if the 
O —H  distance is less than the sum of the van der Waals radii (< 2.2 A).
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Ramachandran et al.61 suggest a set of minimum contact distances which 
include a "normally allowed" O—H distance of 2.40 A and an "outerlimit" 
O '-H  distance of 2.20 A.
Albeit in the ground-state, the above results cast a serious doubt on the 
model having an optimum geometry for intramolecular proton transfer. Such 
geometrical strain will be reflected in the structure at the transition state. 
Recent calculations on the transition structure for this model agree. Li and 
Houk29 attribute the lack of rate enhancement in the deprotonation of the 
ketone to deviations from the ideal stereoelectronic preference of the 
carboxylate, as well as to those deviations in the enolate.
2.1.2 Chemical Model of Skorev and Coworkers
Skorey et al.31 use the Asp—His—Ser model, illustrated in Figure 1.11, 
to assess the involvement of the carboxylate in the general-base acylation 
of the 2-hydroxymethyl group. The feasibility of this reaction depends on 
two intramolecular hydrogen bonds; carboxylate —»imidazolyl, and imidazolyl 
-» hydroxyl. Skorey et al. have pointed out that the latter hydrogen bond 
may not be favorable for intramolecular general-base assisted acylation of 
the hydroxy group. They give no reference regarding the geometry of the 
hydrogen bond between the carboxylate and the imidazolyl.
Roberts et al.62 have measured the N1(H) ^±N3(H) tautomeric equilibria 
in water with 15N NMR for several substituted imidazoles, which includes
4,5-imidazoleacetic acid, an analog of Skorey et al.'s model. The imidazolyl
2.1.2 Chemical Model of Skorey and Coworkers 29
of the acetic acid derivative favors the N1(H) tautomer despite the possible 
intramolecular hydrogen bond formation in the N3(H) tautomer (Figure 2.2). 
The equilibrium also favors the N1(H) tautomer for the propionic acid
2
©kC- ■2
Figure 2.2 N1(H) *±N3(H) tautomeric equilibria for 
4,5-methylimidazole (fCj = 0.82), 4,5-imidazoleacetic 
acid (n = 1; K2 = 0.53), and 4,5-imidazole propionic
acid (n = 2; K2 = 0.61).
derivative (Kz =0.61, for n=2). Similar results have been obtained for the 
anionic state of histidine (K = 0.25).63 Roberts et al. suggested that dominance
of the N1(H) tautomer for the acetic acid derivative may be due to an
"incorrect" intramolecular hydrogen bond angle.62
2.1.2.1 Carboxyl—Imidazolyl Hydrogen Bond
We have evaluated both hydrogen bond geometries (carboxylate -» 
imidazolyl, and imidazolyl -» hydroxyl) in the Skorey et al.'s model using 
molecular mechanics. Figure 2.3 shows the optimized structure, and Table
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Figure 2.3 Stereoview for the molecular mechanics optimized geometry 
of Skorey et al/s  model at e=1.5.
2.3 summarizes the relevant geometrical parameters. Calculations at a
constant dielectric e=1.5 predict two energy minima conformers: a which
exhibits an intramolecular hydrogen bond, and b which does not. Conformer
a is more stable than b by 2.3 kcal/m ol, but the calculated O -H  distance
and Z O -H —N for a differ significantly from typical values for
intermolecular hydrogen bonding (1.9 A and 161°, respectively).6 Molecular
mechanics predicts three energy-minima conformers at e=78.3: conformer c
(analogous to a) with an intramolecular hydrogen bond, and conformers d
and e, with none (see Figure 2.4). Our calculations suggest, however, that
conformer c is higher in energy by as much as 3.5 kcal/m ol, which implies
that a polar medium reduces the stabilizing effect of intramolecular
hydrogen bonding at a low dielectric. Nevertheless the calculated barrier to
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Table 2.2 MMX* Calculated Carboxylate—Imidazole Hydrogen Bonding 
Parameters for Skorey et al.'s Model at a Constant Dielectric e=1.5 and 78.3^
# o 9- n 3 (A) O -H  (A) O -H —N (°) co^0) coA0) e AH/
a+ 2.7 2.1 121 -3 -2 1.5 0.0
b 3.0 2.6 108 -7 -64 1.5 2.3
c+ 2.8 2.2 117 -8 -3 78.3 0.0
d 3.3 3.2 84 -46 -52 78.3 -1.3
e 123 -49 78.3 -3.5
*VESCF-jc calculations are included.
§ Atomic coordinates are given in Appendix 2B. 
'Relative energy, in kcal/mole.
+Conformers with hydrogen bonding.
C0j = ZN3—C2—C7—C8.
C02 = ZC2—C7—C8—010,
rotation about C(2)—C(7) bond is about 3 kcal/m ol at e = 78.3. This small 
barrier suggests the presence of all conformational isomers in polar media, 
and hydrogen bonding might still be viable. The mole fraction of each 
conformational isomer at 25°C is determined from the mole-fraction ratios 
using Eq. 2.1:
Nj/Nk = e (H>-Hk)IRT (2.1)
Because conformers d and e each have two enantiomeric conformers, 0.5 
NJNe = 0.0027, and Nd/Ne = 0.11. Subsequent normalization to 1 gives N c 
= 0.0048, Nd = 0.098, and Ne = 0.90. Consequently, e is the predominate 
conformer at 25° C.
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Figure 2.4 Energy minima conformations of Skorey et al/s model 
calculated at a constant dielectric e= 78.3.
2.1.2.2 Hvdroxvl—Imidazolyl Hydrogen Bond
Skorey et al. propose that hydrolysis of a distorted amide proceeds by 
direct hydroxyl attack assisted by imidazole acting as a general-base (Eq. 
2.2).31 Nucleophilic catalysis by imidazole, i.e., direct attack by the imidazole 
followed by competitive N —>0 acyl transfer (Eq. 2.3), has not been ruled
r-c/
o-o (2.2)
R -slow fast
(2.3)0=0 - RH
i
HX = OR, NHR
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out.31 Because hydrogen bonding precedes proton transfer, the stability of 
intramolecular hydrogen bonding between the imidazolyl and the hydroxyl 
greatly influences the course of the reaction. Table 2.3 summarizes the 
relevant hydrogen bonding parameters for conformers a-e. Hydrogen bond 
angles in each of the calculated conformers deviate enormously from 
linearity. The H —O and N —O distances exceed the usually observed values 
(1.9 and 2.85 A, respectively).6 Experimental and theoretical discussion is 
provided in Appendix 2A.
Table 2.3 MMX* Calculated Hydroxyl—Imidazolyl Hydrogen Bonding 
Parameters for Skorey et al/s Model at a Constant Dielectric e=1.5 and 78.3.
Conformer N5- 0 26 (A) n 5—h 29 (A) z n 5.~o26- h 29 (°) CDjC) e
a 2.96 2.5 109 46 1.5
b 2.97 2.6 107 48 1.5
c 3.04 2.8 98 56 78.3
d 3.05 2.8 98 57 78.3
e 3.05 2.8 98 57 78.3
*VESCF-ji calculations are included. 
CDj = Z026—C14—C4—N 5
2.1.3 Chemical Model of Zimmerman and Coworkers
Zimmerman and coworkers30 have demonstrated a catalytic advantage 
for a carboxylate oriented syn. The catalytic gain however, is not very large.
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We have examined the hydrogen bonding geometry of their Asp—His model 
(see Figure 1.8, X = O'). Figure 2.5 shows the optimized structure. Table
2.4 summarizes the pertinent hydrogen bonding parameters. Molecular
Figure 2.5 Stereoview for the molecular mechanics optimized geometry 
of Zimmerman et al.'s model at e = 1.5.
mechanics calculations suggest a weak intramolecular hydrogen bond. Both 
O —N and O -H  distances exceed the usually observed values (2.85 and 1.9 
A, respectively).6
With respect to the role of the carboxylate in the catalytic triad, 
Zimmerman et al. have suggested that the carboxylate only locks the 
imidazolyl in the correct tautomeric form but adds no power to catalysis.30 
They infer this conclusion from the small catalytic gain in hydrolysis. In the 
absence of intramolecular hydrogen bonding, our results predict that the 
catalytic tautomer (H—N(l)) is more stable than the uncatalytic tautomer 
(H—N(19)) by about 4 kcal/m ol at e = 78.3, and increases to about 7 
kcal/m ol at e -- 1.5. The instability of the H—N(19) tautomer is due to a 
large increase in strain energy. Lone-pair interactions between that of the 
nitrogen and the carboxylate oxygens force the benzoate and the imidazolyl
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Table 2.4 MMX* Calculated Hydrogen-Bonding Parameters for Zimmerman 
et fl//s Model at a Constant Dielectric e = 1.5 and 78.3.*
c v - N j  (A) O -H  (A) O -H —N  (°) cojf0) e
2.96 2.0 170 4 1.5
3.02 2.1 159 2 78.3
+VESCF-ji calculations are included.
^Atomic coordinates are given in Appendix 2B. 
©! = ZH21—027—C25=026.
rings to point away from each other.
The position of the equilibrium H—N (l) <±H—N(19) provides an 
appreciation of the foregoing results. Assuming AS0 = 0, the equilibrium 
constant, K, is calculated from the free-energy change:
AG° = -RT In K (2.4)
At 25°, K = 7.4 x 10"6 and 1.2 x IQ'3, for e = 78.3 and 1.5, respectively. The 
equilibrium is composed essentially of the catalytic tautomer (>99 %).64
2.2 KINETIC STEREOELECTRONIC FACTORS
In addition to Rebek's and Zimmerman's models, Oliver has attempted 
a kinetic evaluation of the carboxylate hypothesis in intramolecular ester 
hydrolysis (Figure 2.6).65 Although these chemical models have a carboxylate 
oriented syn, none have exhibited significant rate acceleration. In addition to 
carboxylate orientation, one m ust consider the geometry of the transition 
structure for the reaction to design the best chemical model. For
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l-CHCl
Figure 2.6 Chemical model of 
Oliver.66
intramolecular general-base catalysis of enolization, the rate-limiting proton 
transfer to the carboxylate dominates the reaction mechanism. The 
orientation of the carboxylate and the stereoelectronics of the proton donor 
greatly affects proton transfer during the transition state. For example, 
deviations from the required orientation in the transition state raise the 
activation energy for Rebek's model by 2-4 kcal/m ol.29 Consequently, rates 
of catalysis decrease by one to two orders of magnitude relative to an 
unstrained model.29
2.2.1 Entropic Effects
In addition to enthalpic effects, free energies of activation include 
entropic effects, which can accelerate or retard reactions. Page and Jencks66 
estimate an entropic advantage of 35 eu for intramolecular reactions over 
their mfmnolecular counterpart. This considerable gain (AAG* = -10.5 
kcal/m ol at 25°) suggests rate enhancements of up to 108.
Reactions that have "loose" transition structures can diminish such 
entropic benefit. A similar reduction of entropic advantage results in
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reactions where one or more bond rotations is frozen in intramolecular 
transition structures. As a result, conformational flexibility can mask kinetic 
stereoelectronic advantages in molecules that have stable conformations that 
are not catalytic. Assuming that only a select group of conformations is 
stereoelectronically reactive, then various rotational degrees of freedom must 
be lost during the course of the reaction. Such entropic disadvantage can be 
as large as 8 eu (2.4 kcal/m ol at 25°C) per lost degree of freedom.66 This 
entropic factor alone can result in a rate difference of up to 103-104 for 
freezing two rotational degrees of freedom.
2.2.2 Distortions From The Optimum Geometry For Hydrogen And Proton 
Transfer
The geometrical criteria for hydrogen bonding, as well as for C—»0 
proton transfer, has been described earlier (Cf: section 2.1.1). How much do 
small deviations in intramolecular hydrogen bond distances and angles affect the 
energies of transition states? A recent ab initio (MP2/6-31G*7/3-21G) study67 
involving intramolecular hydrogen abstraction by alkoxy radicals have 
demonstrated that increasing or decreasing the C -O  distance by 0.1 A 
increases the activation energy by 1.2 kcal/mol. This small deviation 
decreases the reactivity 7-fold at room temperature. Further distortion of ± 
0.3 A increases the activation energy by 9.0 kcal/m ol, corresponding to a 
decrease of about 3 x 106 in reactivity.67 Angular distortions have a similar 
effect on the transition-state stability. A 20° deviation from the ideal
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Z C - H - O  destabilizes the transition state by 1 kcal/m ol. On the other hand, 
a 5° distortion of the ZH —O -H  or ZH—O -H  increases the activation 
energy by 1.5-1.8 kcal/m ol.67
The geometry of the hydrogen bond affects the energetics of proton 
transfer involving O—H —»N and N—H —»0. For (NH3—H —OH2)+, increasing 
the distance between the donor and acceptor from 2.95 A to 3.1 A increases 
the barriers to O—H —»N and N—H -» 0  transfer by 5.4 and 8.4 kcal/m ol, 
respectively.68 For (NH3—H —OMe2)+, the increase in the barrier height is 
much more dramatic.69 Table 2.5 summarizes these results.
Table 2.5 Energy Barriers (kcal/mol) to Proton Transfer 
Involving (NH3-H -O M e 2)+.69
N -O  (A)
O—H  -4 N N—-H -> O
AE*a AE*b AE*a AE*b
2.75 2.8 2.7 11.2 11.1
2.95 10.5 10.6 20.5 20.6
3.10 18.0 18.5 28.9 29.4
“Calculated at the SCF level using the 4-31G basis set. 
'’Predicted from Marcus theory.70
The height of the barriers to O—H —»N and N—H —>0 transfer is 
susceptible to angular deformations as well. The corresponding barriers are 
increased by as much as 8.7 and 14.7 kcal/m ol for distortions of <40° 
involving (NH3—H —OH2)+.68
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2.3 SUMMARY
An optimal model of the Asp—His couple remains to be constructed. 
Our computational results, in addition to Houk's, show that chemical 
models, which have been employed for mimicking the Asp—His couple, do 
not exhibit optimal hydrogen-bonding geometries. Kinetic stereoelectronic 
factors also mask kinetic advantages. Conformational flexibility curtails 
intramolecular entropic gains. Small deviations in hydrogen-bond distances 
and angles increase the energy-barrier to proton transfer.
C h a p t e r  3
I7VTERMOLECULAR 
IMIDAZOLIUM-BENZOATE 
COUPLES
The stereoelectronic propensity of carboxylates in hydrogen bonding 
is as polemic as ever. On the one hand, recent kinetic studies have nullified 
a stereoelectronic advantage in catalysis.31 On the other hand, Ippolito et al. 
show a 4:1 preference for syn orientation in hydrogen bonding with 
imidazole in proteins.3 Some attribute this preference to evolution.31 
Questioning the orientational advantage to catalysis is justified. Currently, 
no irrefutable experimental evidence exists that supports any sort of kinetic 
benefit. Dismissing stereoelectronic preference in hydrogen bonding, 
however, is prem ature especially because any distinction between 
evolutionary and thermodynamic preference is not obvious.
We have determined the syn/anti ratio of carboxylate in hydrogen 
bonding by two methods. First, we have surveyed the Cambridge Structural 
Database71 (CSD) for all reported carboxylate—imidazolium couples. Second, 
we have prepared and examined a series of co-crystals of carboxylic acid 
and an imidazole.
40
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3.1 THE CSD SURVEY
Taylor and Kennard extensively surveyed the hydrogen bonding 
geometry of carboxylates with various amines.6 Another study describes 
hydrogen bonding with aromatic five-membered nitrogen heterocycles.72 Both 
studies have excluded any reference on the orientational preference of 
carboxylate in hydrogen bonding.
Table 3.1 summarizes the results of our survey.73 The majority of the 
structures surveyed are histidines and histidine-containing dipeptides. All 
crystal structures exhibit no crystallographic disorder and display 
mtermolecular hydrogen bonding. In addition, only structures with an R 
value of less than 0.08 are included. This survey reveals that 
carboxylate—imidazolium hydrogen bonds favor the syn orientation even 
more than they do in proteins.
3.2 IMIDAZOLIUM—BENZOATE COUPLES
The preceding survey overwhelmingly supports a stereoelectronic 
preference for carboxylate in hydrogen bonding with imidazole in the 
crystalline state. However, structural variance prevents a concise systematic 
study of the impact of only electrostatic effects on hydrogen bonding. As a 
result, we have prepared several imidazolium—benzoate couples and have 
determined their hydrogen bond geometries by X-ray crystallography. An 
important aspect of mfermolecular couples is that they preclude 
intramolecular geometrical restraints that might result from steric hindrance.
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Table 3.1 Carboxylate—imidazolium hydrogen bonding parameters.
n -O (A ) h - o (A) ZNHO(°) 0(°)t CD(°)* Syn/Anti Ref.
2.781 1.866 176.5 126 22.8 Syn 74
— — — — — Syn 75
2.692 1.183 172.2 119 2.2 Syn 76
2.741 — — 130 24.8 Syn 77
2.57 — — 141 10.6 Syn 77
2.677 1.77 — - 119 16.3 Syn 78
2.658 1.53 160 151 6.7 Syn 79
2.672 1.94 157 — — Syn 80
2.789 1.89 171 106 8.6 Syn 81
2.797 1.92 170 106 8.6 Syn 81
— 1.80 163 — — Anti 82
— 1.79 155 — Syn 82
mean N -O  = 2.734 A 
mean ZNHO = 167.1°
+0 = Z N -O —C.
*<o = ZN- O—C=Q .
In addition, we have employed substituted benzoic adds to systematically 
study the electronic effects on the ensuing hydrogen bonds.
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3.2.1 Experimental Approach
A systematic variation in the nature of the carboxylic acid and the 
imidazole is a plausible strategy for preparation of the required 
imidazolium—carboxylate couples. The major existing impediment entails the 
formation of single crystals that are suitable for X-ray crystallography. The 
approach to the desired couples involves (Figure 3.1):
(1) a single benzoic acid while varying the imidazole,
(2) a single imidazole while varying the carboxylic acid. The latter
includes;
(a) p-X-benzoic adds (X= NG2/ OH, NH2).
(b) o-HO-benzoic acids.
X R
series 1 & 2(a)
H
4-NOz 
H
4-OH 
4-NH2
series 2(b)
2-OH H
2-OH, 3-OMe H
2-OH, 4-Me H
2,6-di-OH H
Figure 3.1 Imidazolium—carboxylate couples employed in the 
X-ray diffraction study.
We have chosen series 2(a) because the substituents are strongly electron
withdrawing and donating groups. This enhances the extent of detecting
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electronic impact on the ensuing hydrogen bond properties. Taft83 and 
others84 have shown that p values for equilibrium formation of hydrogen- 
bonded complexes are about four to five times smaller than the 
corresponding aqueous pKa's.
Series 2(b) probes the effect of additional strong hydrogen bonding to 
carboxylate on the principal imidazolium—carboxylate hydrogen bond. In 
this series of salicylates, the ortho-substituted hydroxyl group is 
geometrically constrained to form a strong but anti hydrogen bond with the 
carboxylate.85 By examining a particular series of couples and then 
comparing that series to the others, patterns in hydrogen bonding geometries 
emerge.
3.2.2 Results
We have determined the structures of nine imidazolium—benzoate 
couples by single crystal X-ray crystallography. We have not been successful 
in preparing others.0 Structural refinements have included all relevant 
hydrogen atoms, and in particular the imidazolium protons. The average R 
value is 0.039, ranging from 0.029-0.050. Table 3.2 summarizes the pertinent 
hydrogen bonding parameters. Appendix 3.1 contains crystallographic data, 
positional coordinates, and methods of preparation.
°We have attempted to prepare co-crystals of imidazole and the 
following acids: formic acid; acetic acid; 2-MeO-, 2-I-, 2-NH2-, 2-NH(Ac)-, a- 
Ph-2-Me-, 4-F-, 4-I-, 4-methyl-, and 4-N(Me)2benzoic acid.
3.2.2 Results
Table 3.2 Summary of Imidazolium—benzoate (I-B) Hydrogen-bonding Parameters in the Crystalline State.
I-B X Benzoate pKa 0 ‘- N +(A) O-H(A) ZOHN(°) 0(°)+ <o(0)* T j§ ApK*
3.1 H 4.21 2.609(1) 1.58(2) 169 113 4 2 2.74
3.2 4-NOz 3.44 2.639(1) 1.71(2) 174 113 8 2 3.51
3.3 H 7.52* 2.664(1) 1.61(2) 176 107 8 2 3.31
3.4 4-OH 4.58 2.671(1) 1.71(1) 177 105 8 3 2.37
3.5 4-NH2 4.85 2.699(2) 1.72(2) 168 104 4 4 2.1
3.6 2-OH 2.98 2.717(1) 1.83(2) 171 106 51 3 3.97
3.7 2-OH,3-OMe 2.8±0.05 2.664(2) 1.78(2) 171 116 35 3 4.45
3.8 2-OH,4-Me 3.17 2.663(2) 1.65(2) 158 149 32 4 3.78
3.9 2,6-di-OH 1.30 2.734(1) 1.70(2) 167 103 9 3 5.61
+0= ZN +—'0 —CCO) *G)= ZN +—O—C = 0 . §protioligation number4, is the total number of hydrogen bonds 
accepted by the carboxylate. ^im idazolium  pKa - benzoate p Ka. *pKa of 4(5)-methylimidazole.
•estimated.
d Protioligation is a term introduced by this author, and refers to hydrogen 
bond solvation of anions (see page 55).
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3.2.2.1 Classification of sun and anti Hydrogen bonds
The geometries of syn vs. anti hydrogen bonding have been illustrated 
earlier (Figure 1.5). The hydrogen bond parameters co and 0, given in Table
3.2, distinguish both orientations. The former is the dihedral angle between 
the N +—'O—C and the O—C = 0  planes. The latter angle describes the N+— 
O—C angle, which is the location of the electron density or lone pair on the 
oxygen needed for hydrogen-bond formation. For syn hydrogen bonding, co 
and 0 are 0 ± 90° and 120 ± 30° respectively. By contrast, values of 180 ± 
90° and 120 ± 30° for co and 0 respectively imply anti hydrogen bonding.
3.2.2.2 Hvdroeen-Bond Orientation
The observed values of co clearly indicate that all the resulting 
imidazolium—benzoate hydrogen bonds are oriented syn relative to the 
carboxylate. Except for the salicylate couples, the magnitude of co for all the 
benzoate couples 3.1-3.5 including 3.9 reflects the preference for hydrogen 
bonding in the plane of the carboxylate. Consequently, from these data and 
those in Table 3.1, we conclude that in the crystalline state, intermolecular 
hydrogen bonding is thermodynamically more favored from the syn orientation than 
the anti.
3.2.2.3 Correlations with Hydrogen Bond Length, (O—N)
In crystalline compounds, hydrogen bonding is a predominant cohesive 
force. The most extensive study on hydrogen bond geometry in crystals
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of small organic molecules concentrates on the factors that influence 
distances, angles, and lone-pair directionality. General and simple properties 
for hydrogen-bond distances are not common. The most prevailing 
qualitative property involves Pauling's rule,87 which states that the strength 
of the hydrogen bond increases with increasing electronegativity of the 
acceptor atom.
Because the hydrogen bond is largely an electrostatic phenomenon (i.e., 
coulombic attraction between Don—Hs+ and Acc5"),88 the length of a 
hydrogen bond depends on the nature of donor and acceptor atoms. Small 
changes in their properties produce significant alterations in the hydrogen 
bond distance.6
(a) linearity o f hydrogen bonds:
Short (strong) hydrogen bonds tend to be more linear than long bonds.6 
For any given N—H —O angle, it has been suggested that the N —O non­
bonded interaction becomes more unfavorable as H -O  distance is 
decreased.6 As a result, short bonds tend to "straighten out" in order to 
increase the N -O  separation.6
Figure 3.2 shows a plot of the observed hydrogen bond angles (ZOHN) 
vs. O -N  distance for the nine couples. No apparent correlation emerges.
(b) lone-pair directionality:
The tendency for hydrogen bonds to form along lone-pair directions
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N***0 Distance (A)
Figure 3.2 Plot of ZNHO(°) vs. N —O distance
(A).
has long been controversial.6 It has been suggested that directionality may 
be more important for sp2 lone-pairs than for their sp3 counterpart.6 For 
example, N—H —0 = C  hydrogen bonds exhibit a marked tendency to occur 
within 10° of the idealized sp2 lone-pair direction.6
In Figure 3.3, the angle <)>, the m agnitude of hydrogen-bond deviation 
from the ideal syn lone-pair direction (<|> = ©observed0 ’ 9ideal(120°) )/ is P i t te d  
against the hydrogen bond distance. The horizontal line at <|> = 0° 
corresponds to the ideal value of the lone-pair direction. All but one
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Figure 3.3 Plot of <j>° vs. N -O  distance (A).
hydrogen bond occur within 20° of the idealized lone-pair direction. Note 
that the resulting distribution below the ideal angle (<120°) shows a trend 
of shorter hydrogen bonds the closer they are aligned toward the idealized 
lone-pair direction.
(c) proton affinity:
Arnett et al.89 have recommended gas-phase proton affinity (PA) as
X
0
o
2Q
\
ideal lone-cair direction (6*120 )
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the fundamental operational definition of basicity. Zeegers-Huyskens90 has 
demonstrated that hydrogen bond lengths inversely correlate to APA of the 
acceptor and the donor. Figure 3.4 shows a plot of APA91,92 vs. N —O 
distances for the benzoate derivatives®. We have only plotted those benzoates
-
( 3 2 )
X
(3.3)
X
-
(3.4)
X
■ (31) 
X
( 3 5 )
X
i i i i i ___i ___ I—  ...i J_____I_____
2.60 2.62 2.64 2.66 2.68 2.70
N*»0 Distance (A)
(n u m b e r in 0  •  I-B #  a s  in T ab le  3 .2)
Figure 3.4 Plot of APA (kcal/mol) vs. N —O 
distance (A).
with known PA values. With respect to the benzoate couple 3.1, the
®the PA value for p-hydroxybenzoic acid is questionable in that it may 
describe the proton affinity of the hydroxyl instead of the carboxyl: see 
reference (91).
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hydrogen bond lengths for 3.2 and 3.3 agree with the above prediction. The 
hydrogen bond lengths of 3.2 through 3.5, however, follow the opposite 
trend; the hydrogen bond becomes longer with decreasing APA.
(d) ionization constant (pKJ:
Although pKa values refer to ionizations in aqueous solutions, they 
indicate hydrogen bond strength in the crystalline state.93 Gas-phase acidities 
of meta- and para-substituted benzoic acids display a linear correlation with 
o° and a 91 Taft et al.83 have shown analogous linear correlation for pKa of 
several bases, with common structural type, and log Kf, the equilibrium 
constant for hydrogen bond formation to p-fluorophenol in CC14 at 25°.
Several studies involving gas-phase ionic hydrogen bonding suggest an 
inverse linear correlation between AH°D (the dissociation energy of B'—H—A) 
and AAH°acid (the acidity differences) of the components.94 As AH°D increases, 
the acidity difference between the donor and acceptor decreases.
Olovsson and Johnsson2 have suggested that the minimum hydrogen 
bond length occurs when the donor and the acceptor are equally good 
hydrogen bond donors (or equally good acceptors). Speakman95 pointed out 
that short hydrogen bonds are frequently observed in acid salts between 
groups of comparable pfC^s. As a result, longer hydrogen bonds are 
expected for larger ApKa values. Johnson and Rumon96, from the IR spectra 
of pyridine—benzoic acid complexes in the solid state, have demonstrated 
that hydrogen bond strength increases as Api<Cfl between the donor and the
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acceptor decreases.
Figure 3.5 presents a plot of ApKa (imidazolium pKa - pKa of benzoate) 
vs. N —O distance. In general, the overall distribution conforms with the
6
s
4
A p K
3
2
2.6 2.62 2.64 2.66 2.68 2.7 2.72 2.74
o
N»*0 Distance (A)
In u m b e r In 0  •  I-B #  a s  In T ab la  3.2.1
Figure 3.5 Plot of ApKa vs. N -O  distance (A).
above reasoning. The pattern arising from the benzoate derivatives differs 
from that for the salicylates. This is expected because ortho-substituted 
benzoic ad d s  fail to show linear free-energy correlations. The pattern 
resulting from the benzoates parallels the pattern from the APA vs. N -O  
correlation (Figure 3.4). Figure 3.6 demonstrates this corollary. Notably,
(3.1)
(3.2)
(3.9)
X
Salicylates
(3.7)
X
'  (3.8)
*  ... l
( 3 8 )
X
i
(3.3)
X
Benzoates I
(3.4)
(3.5)
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hydrogen bonds for 3.2-3.S become stronger with increasing ApKa. This 
pattern opposes the expected correlation between ApKa and the length of the 
ensuing hydrogen bonds.
30
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16
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XAPA vs. N»«0 <>ApK vs. N«»«0 
[n u m b er In 0  •  I-B #  a s  In T ab le  3.21
Figure 3.6 Plot of APA (kcal/mol) and ApKa 
vs. N —O distance (A).
3.2.3 Discussion
The foregoing correlations may lead one to conclude that the 
directionality of the observed hydrogen bonds (lone-pair directionality) is the
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only important factor influencing the strength of hydrogen bonds. The 
resulting scatter involving all hydrogen bond angles, however, is deceiving. 
Hydrogen bond angles of 180° are rare.6 The observed hydrogen-bond angles 
are typical.6 The average ZNHO is 170° with a standard deviation of less 
than 6°. Scheiner68 has shown that angular distortions of 20° increases the 
barrier to N—H -> 0  transfer by 1.8 kcal/m ol. Smaller angular distortions (6°) 
are unlikely to change the length of hydrogen bonds in the crystalline state.
3.2.3.1 The Benzoate Couples
Imidazolium benzoate 3.1 exhibits the strongest (shortest) hydrogen 
bond as measured by the distance between the heavy atoms (N—O). 
Imidazolium couples 3.1-3.3 substantiate the dependence of hydrogen-bond 
length on ApKa and APA. As anticipated, increasing ApKa by replacing 
benzoic acid (pKa = 4.21) with 4-nitrobenzoic acid (pKa = 3.44) results in a 
weaker (longer) hydrogen bond relative to that of 3.1. Varying the 
imidazolyl component affects ApKa. A longer hydrogen bond results from 
replacing imidazole (pKa = 6.95) with 4(5)-methyl-imidazole (pKa = 7.52). On 
the other hand, decreasing ApKa by substituting benzoic acid with 4- 
hydroxybenzoic acid (pKa = 4.58) weakens the hydrogen bond in comparison 
to that of 3.1. Further decrease in ApKa upon substituting benzoic acid with 
4-aminobenzoic acid also results in lengthening of the hydrogen bond.
Why are the hydrogen bonds weakened in the last two benzoate couples (3.4 
and 35)? A  rational for the resulting opposite trend lies beyond those
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hydrogen bonding parameters that have been considered thus far.
Kolthoff and Chantooni97 have reported linear correlations for plots of 
pKa of various mono- and disubstituted benzoic adds vs. Hammett a  in 
DMSO, DMF, and acetonitrile. In analogous plots in aprotic solvents vs. 
protic solvents, Parker et al.98 have found considerable scatter which they 
have attributed to "hydrogen bonding solvation of anions". For pragmatic 
reasons, this author suggests the term "protioligation" to refer to hydrogen 
bonding solvation of an electron-rich center (as opposed to ligation and 
solvation of electron-defident centers). Furthermore, this author introduces 
the term "protioligation number, (rj)" to refer to the total number of hydrogen 
bonds accepted by the electron-rich center.
Close examination of the individual X-ray structures of imidazolium 
couples 3.1-3.5 (Figures 3.7 through 3.11) reveals that each of the 
carboxylates accept a minimum of two hydrogen bonds, two of which 
involve imidazolium donors. Couples 3.1-3.3 have identical protioligation 
numbers (n = 2). Imidazolium couples 3.4 and 3.5 have t\ values of 3 and 
4, respectively.
The above results suggest that the observed deviations in pKa and PA 
correlations for couples 3.4 and 3.5 are likely due to their larger value of T]. 
Protioligation lowers the pKa of the acceptor (section 1.5.4), and weakens 
additional electron-donor sites of the base.99 By measuring the association 
energies of acetate with protic and aprotic molecules, Meot-Ner (Mautner)100 
has shown that successive protioligation of the carboxylate decreases the
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N l—O l 
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'= Mrx, ^+y, ^-z
(0 = ZN+- ' 0 —C; © = ZN+ - 0 —C = 0 )
Z A -H —D(°) 0(°) ©(°)
169(1) 113 4
173(1) 129 138
Figure 3.7 Stereoview for the X-ray structure of imidazolium benzoate, 3.1, incorporating the relevant
hydrogen-bonding parameters.
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Donor—Acceptor(A) D-A (A ) A~H(A) ZA -H—D(°) 0(°) co(0)
N2—0 2  2.639(1) 1.71(2) 174(1) 113 4
N l'—O r 2.737(2) 1.80(2) 166(1) 119 47
'= 1-x, 1-y, -z
(0 = ZN+ -O —C; to = ZN+—O—C==0)
Figure 3.8 Stereoview for the X-ray structure of imidazolium 4-nitro-benzoate, 3.2, incorporating the relevant
hydrogen-bonding parameters.
3.2.3.1 The Benzoate Couples
Donor—A.cceptor(A) D-A (A ) A-H(A)
N2—O l 2.664(1) 1.61(2)
N l '—0 2  2.687(1) 1.77(2)
'= l-x, y-*, -z-fc
(0= ZN +-  C>—C; © = Z N +- '0 —C = 0 )
ZA”*H—D(°) 
176(1) 
167(1)
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Figure 3.9 Stereoview for the X-ray structure of 5-methylimidazolium benzoate, 3.3, incorporating the
relevant hydrogen-bonding parameters.
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Figure 3.10 Stereoview for the X-ray structure of imidazolium 4-hydroxybenzoate, 3.4, incorporating the 
relevant hydrogen-bonding parameters.
fthe sum of 0  -0  van der Waals radii is less than that for N  -O.
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Figure 3.11 Stereoview for the X-ray structure of imidazolium 4-aminobenzoate, 3.5, incorporating the
relevant hydrogen-bonding parameters.
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interaction energy (hydrogen-bond strength) by a factor of about 0.7 (Table 
3.3).
Table 3.3 Dissociation energies100 (AH°^) for 
CH3C O O -(H —B)n.
B—H n a h V
h 2o 1 15.8
18.2101
2 12.8
3 11.8
HCN 1 23.5
2 16.6
3 14.8
4 12.0
pyrrole 1 24.0
2 17.9
CH3COCH3 1 15.7
2 10.8
CH3CONHCH3 1 25.4
2 16.4
CH3CO—Ala—OCH3 1 31.4
2 21.2
fin kcal/m ol.
The foregoing discussion allows a better understanding of the observed 
trends in our data. To a first approximation, the order of acidities for the 
benzoates 3.1-3.3 (t| -  2) in the crystalline state parallels the aqueous pKa's 
and the PA's. As a result, linear correlations are observed with pKas and
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PA's of 3.1-3.3 vs. hydrogen-bond length. This pattern, however, cannot 
hold for 4-hydroxy- and 4-aminobenzoic acids, because they have larger q 
values. As suggested earlier, it is likely that the observed weakening of the 
imidazolium—carboxylate hydrogen bonds for couples 3.4 and 3.5 is due to 
their larger value of q.
Because the carboxylate accepts two hydrogens bonds from two 
imidazolium donors, it is possible to delineate in more detail the 
stereoelectronics of hydrogen bonding. For imidazolium benzoate, 3.1, the 
syn hydrogen bond is shorter than the anti. Both hydrogen bonds in each 
of imidazolium 4-nitrobenzoate, 3.2, and 5-methylimidazolium benzoate, 3.3, 
are oriented syn, but the shorter bond lies more in the plane (smaller value 
of oo) of the carboxylate. In imidazolium 4-hydroxybenzoate, 3.4, the syn 
hydrogen bond also is shorter than the anti. However, the syn and the anti 
hydrogen bonds are of equal length in imidazolium 4-aminobenzoate, 3.5.
3.2.3.2. The Salicylate Couples
The imidazolium salicylate couples model the impact of a geometrically 
constrained intramolecular hydrogen bond on the properties of the 
carboxylate—imidazolium hydrogen bond. In serine proteases, the buried 
carboxylate on the side-chain of Asp-102 has q = 4: two hydrogen bonds 
from the backbone amides Ala-56 and His-57, one from the hydroxyl side- 
chain of Ser-214, and the fourth from the imidazolyl side-chain of His-57 
(Figure 3.12). These electrostatic interactions make up what is known as the
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N10 ICiBCH16 SO
M13
C 1 0
C 12f oe
C1
C 0 .C3
N2
N9C4
0 3 1
C 22
0 11C 3 0
n  __aonor ■Acceptor D—A d - a (A) 0(°) to (°)
Ala56 Asp102 N13—0 9 2.8 146 102
His57—Asp102 N2—0 8 2.6 117 7
N16—0 9 2.8 150 -33
Ser214—Asp102 021—0 8 2.6 128 175
(0= ZD-08-C7; co= Z-08(9)-C7-09(8)
Figure 3.12 Stereoview depicting the aspartate hole and the relevant 
hydrogen bonding parameters for the catalytic triad of a-chymotrypsin32 
at 1.68-A resolution (atomic labelling is arbitrary8).
"aspartate hole", and are responsible for maintaining the carboxylate in the
ionized form.102
Protioligation by Ser-214 is the electrostatic interaction that the salicylate 
couples model. In these couples, the hydroxyl forms an intramolecular 
hydrogen bond with the carboxyl from the anti direction. In a-chymotrypsin,
8 Atomic coordinates were obtained from the Brookhaven Protein Data 
Bank (PDB).33
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the hydroxy group of Ser-214 hydrogen bonds with Asp-102 also from the 
anti direction. Meyer et al. proclaim a conserved catalytic tetrad that includes 
Ser-214.103 Warshel et a/.104 have suggested m utating Ser-214 as a means of 
probing the impact of the aspartate hole on the stability of Asp'—His+—TS‘ 
(TS= transition state).
Figures 3.13-3.16 illustrate PLUTO105 drawings for the X-ray structures 
of the salicylate couples, 3.6-3.9. For these derivatives, dependence of 
hydrogen bond distances on ApKa is not apparent, though couple 3.9, with 
the largest ApKa, does form the weakest hydrogen bond. Unlike the benzoate 
couples, systematic correlations are not possible because of the small sample 
size and structural diversity among this class. Nevertheless, several 
interesting features emerge from these derivatives. There is no correlation 
between and length of the resulting infermolecular hydrogen bonds.
Couples 3.6 and 3.7 are equally protioligated (t|=3), but the latter couple 
exhibits a shorter hydrogen bond to the imidazolium. On the other hand, 3.7 
and 3.8 feature similar imidazolium hydrogen bond distances despite 
different tj values.
Enforced intramolecular protoligation of the carboxylate may attribute 
to the lack of dependency on t\. The observed intramolecular 0 —0  distances 
are short, signifying strong hydrogen bonding. All intramolecular 0 - 0  
contacts not only are shorter than that found in salicylic acid (2.620 A)106, 
but also are shorter than those in the calcium and strontium  salts (2.62 and
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n  __a■-'onor cccptor d -a (A) A-H(A) !► i o 0(°) to (°)
N2'—0 3 ' 2.717(1) 1.83(2) 171(1) 106 51
N l—0 2 ' 2.761(1) 1.80(2) 168(1) 102 37
o r —02 ' 2.512(1) 1.60(1) 152(1) 93 178
'= 2-x, 1-y, %-z
(0 = ZN +-- '0 —C; 0) = ZN +- •0 - C = 0 )
Figure 3.13 Stereo view for the X-ray structure of imidazolium salicylate, 3.6, incorporating the relevant
hydrogen bonding parameters.
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N2“
N1"
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0 403
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D __Aonor ■‘Acceptor d ~ a <A) a - h (A) Z A -H —D(°) 0(°) 0)(O)
N l '—O l 2.664(2) 1.78(2) 171(1) 116 35
N2"—0 2 2.676(2) 1.77(2) 175(1) 166 8
0 3 —0 1 2.523(1) 1.63(2) 156(2) 93 176
(0 = ZN+—0 —C; © = ZN+—'Q—C = 0; '= x-%, Mr-y, z; "= x, y+1, z)
Figure 3.14 Stereoview for the X-ray structure of imidazolium 2-hydroxy-3-methoxybenzoate, 3.7,
incorporating the relevant hydrogen bonding parameters.
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N21 ;
N1 I
03A
Donor ^cceptor d - a (A) a - h (A) Z A -H —D(°) 0(°) co(°)
02A —02B 2.604(2) 1.57(2) 175(2) 113 5
N2T—02B 2.771(2) 1.85(2) 175(2) 123 128
N il—OIB 2.662(2) 1.65(2) 158(2) 149 32
03B—OIB 2.541(2) 1.56(2) 157(2) 92 172
0 3  A—O lA 2.589(2) 1.61(2) 156(2) 90 177
(0 = Z N —'O—C; 0) = Z N —'O—C = 0 ; '= x, y-1, z)
Figure 3.15 Stereoview for the X-ray structure of imidazolium 2-hydroxy-4-methylbenzoate, 3.8,
incorporating the relevant hydrogen bonding parameters.
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C11 
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02  '0 4
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0 3
onor Acceptor d --a (A) a - h (A) ZA-H—D(°) 0(°) co(°)
N l—Ol 2.734(1) 1.70(2) 167(1) 103 9
04—01 2.550(1) 1.56(2) 153(2) 91 174
03—02 2.466(1) 1.43(2) 157(2) 93 176
N2—03' 2.734(1) 1.81(2) 159(1) ______ - -
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Figure 3.16 Stereoview for the X-ray structure of imidazolium 2,6-dihydroxybenzoate, 3.9,
incorporating the relevant hydrogen bonding parameters.
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2.61 A, respectively),107 and analogous to the larger and more polarizable 
cesium salt (2.527(4) A).108
As expected, strong intramolecular protioligation of the carboxylate 
weakens its basicity. Salicylate couples 3.6 and 3.7 have = 3, and one 
intramolecular hydrogen bond. The former couple with the shorter 0 - 0  
distance (2.512(1) A) has the longest N—H -O  bond (2.761(1) A), while the 
latter with the longer 0 - 0  distance (2.523(1) A) has a shorter N—H -O  
bond (2.664(2) A).
Perhaps the most striking feature of the salicylate derivatives 6-8 
involves the position of the resulting syn hydrogen bonds relative to the 
plane of the carboxylate. In contrast to the benzoates, the carboxylate— 
imidazolium hydrogen bonds are directed out of the plane of the 
carboxylate. The values for co are 51, 35 and 32° for 3.6, 3.7, and 3.8, 
respectively. The imidazolium donors are hydrogen bonded to the 
carboxylate oxygen that is protioligated by the ortho hydroxy group.
The resulting out of plane distortions suggest greater electron density 
above and below the carboxylate plane. This implies that the electronic 
configuration of a strongly protoligated carboxylate ion approximates that of 
an unionized carboxyl. There is more electron density above and below the 
HCOOH plane as compared to the C—O plane of H2C 0 .109 Hence, complete 
proton transfer to, or strong protioligation of, a carboxylate increases the sp3 
character of the oxygens.
In salicylic acid, loss of a  density from the carbonyl oxygen due to
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intramolecular protioligation causes polarization of the carbonyl k density 
towards the protioligated oxygen.85 Accordingly, distortion out of the plane 
of the carboxyl should be expected for subsequent infermolecular hydrogen 
bonds. What is the optimal out of plane distortion for an intermolecular hydrogen 
bond to the salicylate ion? Imidazolium couples 3.7 and 3.8 with to of 35° and 
32°, respectively, exhibit similar hydrogen bond lengths, but are stronger 
(shorter) than that for 3.6 with an co of 51°. Ab initio MO calculations suggest 
a non-planar geometry for protonated formic acid with out of plane 
distortions of 7.2° and 158.5° for the syn and anti oriented protons, 
respectively.109 This suggests that, in analogy to the salicylate ion, 
constraining the anti oriented proton (HE) of protonated formic acid into the 
plane of the carboxy group (by rotation about the C—OH2+ bond) increases 
the out of plane distortion of the syn proton (Hz) by 21.5° (Figure 3.17). The
-7.2 -28.7
H -C
O H, /  ©-158.5 -180
Figure 3.17 Newm an projection (viewing down the 
H20 +->C axis) of protonated formic acid depicting 
rotation about the C—OH2+ bond.
ensuing magnitude of 28.7° for the out of plane distortion of the syn proton 
(Hz) is in close agreement with the observed co values for imidazolium
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couples 3.7 and 3.8.
Protioligation of the carboxylate in 3.8 by its conjugate acid illustrates 
the impact of protioligation on basicity in the crystalline state. The 
mfermolecular 02A —02B distance (2.604(2) A) is similar to many other acid 
dimers.110 Isaacson and Morokuma have shown that a strong electrostatic 
environment is essential for symmetric hydrogen bonds.111 Donor- A cceptor 
distances of <2.5 A are generally considered a necessary requirement for 
symmetric hydrogen bonds.111 Short (<2.5 A) and symmetric hydrogen bonds 
are usually observed between carboxylic acids and their salts.112 In this case, 
the donor and the acceptor have similar pKa values. By analogy, short and 
symmetric hydrogen bonds should occur for hydrogen-bonded pairs having 
similar PA values. Experimental113 and theoretical114 studies reveal that the 
largest hydrogen-bond stabilization in B—H+—B0 (B and B0 = N, O) occurs 
when APA = 0. Therefore, occurrence of a weak hydrogen bond between the 
carboxylate and its conjugate acid in 3.8 demonstrates the effect of protioligation 
in lowering the basicity of the carboxylate in the crystalline state.
Imidazolium couple 3.9 probes the effect of two intramolecular 
hydrogen bonds on the properties of the carboxylate—imidazolium hydrogen 
bond. As pointed out earlier, the carboxylate—imidazolium hydrogen bond 
is the weakest of all bonds (pKa of the carboxylate is 1.30). Unlike the 
salicylate couples, the syn hydrogen bond lies closer to the plane of the 
carboxylate (co = 9°). This suggests that the carboxylate oxygens retain sp2- 
like character more so than salicylate couples 3.6-3.8.
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There is another short contact in 3.9 (3.05 A) involving 0 2  of the 
carboxylate and C9 of the imidazolium. The 0 2 —C9 distance is less than 
the sum of their van der Waals radii (3.2 A115). The O—H—C distance of 
2.68 A lies within the sum of the van der Waals radii of O and H (2.7 Ah). 
C—H atoms form shorter mfermolecular contacts to oxygen atoms than to 
carbon or hydrogen, especially when heteroatoms are attached to the carbon 
donor.116 Analogous short C—H —O contacts, however, are not present in the 
salicylate couples 3.6-3.8, but are seen in the benzoate couples 3.3-3.S. The 
O -C  distances in the latter are 3.28, 3.11, 3.02 A respectively. Taylor and 
Kennard have attributed such short C—H -O  interactions to electrostatic 
stabilization116.
3.2.3.3 Orientation of the Imidazolium Ion
All imidazolium ions except in 3.9 bridge two benzoate molecules by 
hydrogen bonding to the carboxylates with both nitrogens. The carboxylate 
in 3.2 forms the only cyclic hydrogen bonded dim er (Figure 3.18). This type 
of carboxyl interlinking is the most commonly observed motif for carboxylic 
acids in the solid state.110 The carboxyls in couples 1, and 3-8 are 
interlinked by the rarely encountered catemer motif, where chains of carboxyl 
groups are linked to each other by single O—HN+.110
hTaylor and Kennard116 suggest the molecular mechanics value of 1.2 
A for the van der Waals radius of hydrogen involves X—H—C interactions, 
because the smaller value of 1.0 A is derived for hydrogen atoms that are 
covalently attached to electronegative elements such as oxygen.
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Figure 3.18 Stereoview of imidazolium 4-nitrobenzoate, 3.2, depicting 
the interlinking motif of the carboxylate groups.
Imidazolium couple 3.9 exhibits an imidazolium ion that bridges two 
benzoate molecules by hydrogen bonding to the carboxylate of one and the 
hydroxyl of the other. This array of hydrogen bonding parallels the catalytic 
triad of the serine protease. Note that the imidazolium is located exactly 
m idway between the carboxylate oxygen and the phenolic oxygen; N l—O l 
= N2—0 3 '=  2.734(1)A. The N 1—H distance of 1.04(2) A is not significantly 
longer than the N2—H distance of 0.97(2) A. Intramolecular hydrogen 
bonding to the carboxylate should enhance the basicity of the hydroxy 
group ." The shortest hydrogen bonds involving hydroxy groups are those 
where the hydroxyl oxygen functions as a hydrogen bond acceptor and 
donor.117 This agrees with the observed 0 3—0 2 distance (2.466(1) A) which 
is, not only noticeably shorter than the second in tra molecular hydrogen bond 
(0 4—Ox = 2.550(1) A), but also shorter than all intramolecular hydrogen 
bonds in the salicylate couples 3.6-3.S.
Positioning of the imidazolium ion equidistant from the carboxylate and 
the hydroxyl in 3.9 suggests similar electrostatic interactions with the 
imidazolium at N1 and N2. In chymotrypsin, the neutral imidazolyl is about 
0.2 A closer to Asp-102 than Ser-195 in the resting state.32 In BPTI (bovine
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pancreatic trypsin inhibitor) complex of trypsin118, the imidazolium ion lies 
equidistant from Asp-102 and Ser-195: the O -N  distances are 2.63 and 2.62 
A, respectively. The BPTI complex models the initially formed tetrahedral 
intermediate-enzyme complex.119
Imidazolium couple 3.9 might also model the effect of the carboxylate 
on the energetics of the imidazolium—TS' (TS = transition structure, Ser—O8" 
... 5+c—Q8') interaction in serine proteases. Warshel et al.m  suggest that 
electrostatic stabilization of imidazolium—TS‘ interaction by the carboxylate 
side-chain of Asp—102 is responsible for rate acceleration in serine proteases. 
In 3.9, electrostatic interaction with N2 may not only be limited to hydrogen 
bonding with the phenolate. Electrostatic interaction may extend to the 
mframolecularly hydrogen-bonded carboxylate oxygen, S+N—H -O 8-—H5*— 
O". The Os‘— H8+- 0 '  charge distribution parallels the charge distribution 
of the catalytic transition state, Ser—O8—8+C—O5", in serine proteases.
3.3 IMPLICATIONS FOR THE ROLE OF SER-214 IN CATALYSIS
Our understanding of the exact function of the Asp-His dyad in 
catalysis remains inadequate for providing a full and satisfactory account of 
the catalytic power of serine proteases. Most agree that Asp-102 orients the 
imidazolyl in the direction of Ser-195. Restricting the motion of His-57, 
however, is counterproductive to catalysis. Polgar120 has pointed out that a 
strongly hydrogen bonded triad (Asp—His—Ser) will inhibit formation of 
the acyl enzyme intermediate, i.e., expulsion of the amide nucleofuge and
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cleavage of the C—N bond. The initial acyl transfer from the peptide to Oy 
of Ser-195 proceeds by two steps. Both steps are catalyzed by His-57 via 
general-base and general-add catalysis, respectively. The first step, formation 
of a tetrahedral intermediate, requires general-base catalysis. Subsequent 
decomposition of the tetrahedral intermediate to products is acid catalyzed 
by the ensuing histidinium ion. Collapse of the tetrahedral intermediate can 
occur by two pathways (Figure 3.19). Certainly, path B is unfavorable in 
absence of an acid catalyst, and decomposition of the tetrahedral 
intermediate via path A regenerates starting materials. The alkoxide ion (pKa 
= 1.6) is a much better nucleofuge than the amide ion (pKa = 32.0).121
O
CH3 -C -N H R  + "o-Ser-195
^  9
CH3 - C - O  Ser-195 + NHR
Figure 3.19 Pathways for collapse of the acyl enzyme 
tetrahedral intermediate.
Formation of the acyl-enzyme intermediate requires protonation of the 
amide nucleofuge. Blow11 and others122 have pointed out that, during 
collapse of the tetrahedral intermediate to the acyl enzyme, the amide 
nitrogen of the substrate is too far from N62 of His-57 for hydrogen 
bonding. Consequently, His-57 must move toward the substrate prior to 
proton transfer.11,122
We have examined the hydrogen-bonding geometry in a model of the
Ser-195
i
CHj-C—NHR
o .
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tetrahedral intermediate resulting from methanol and acetamide, which 
includes hydrogen bonding between the imidazolyl and the methoxy group 
(Figure 3.20). Our molecular mechanics calculations agree with the preceding 
conclusions. The calculated N—H —N angle is severely bent, and the N —H 
distance exceeds the criteria for hydrogen bonding.61
N 1 3M10
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N1
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Donor” Acceptor D -A (A ) A-H (A) Z A -H —D(°)
N13—0 4  2.75 1.8 158
N13—N1 3.00 2.7 102
Figure 3.20 Stereoview for the molecular mechanics optimized model 
of the tetrahedral intermediate hydrogen bonded to imidazole (atomic 
coordinates are given in Appendix 3B).
How is the proton transferred from the histidinium to the nucleofuge? Wang 
has proposed proton transfer along bent hydrogen bonds.123 Accordingly, 
His-57 is fixed midway between the ideal position for hydrogen bonding 
with both Ser-195 and the nucleofuge. Satterthwait and Jencks124 have 
suggested rapid movement or flipping of His-57 between positions suitable
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for providing general-base and general-acid catalysis. A recent theoretical 
study by Dutler and Bizzozero119 also demonstrates the necessity for 
histidine movement from an "in-position" to an "out-position" prior to 
collapse of the tetrahedral intermediate.
We have found that hydrogen bonding to the nucleofuge becomes 
feasible by rotating the imidazolium of the above optimized model about the 
x-axis, without optimizing the resulting structure. Figure 3.21 illustrates this 
movement from the "in-position" to the "out-position" relative to the 
tetrahedral intermediate. The "out-position" yields an N13-N1 distance of 
2.65 A, an N l—H distance of 1.9 A, and an ZN13-H-N1 of 135°.
_______X
Figure 3.21 A stereoview illustration for movement of the imidazolium 
relative to the tetrahedral intermediate from the "in-position" (left) to 
"out-position" (right).
What drives the histidinium movement? Bachovchin121 has provided the 
first experimental evidence supporting a moving histidine mechanism. Using 
15N NMR, he has demonstrated that protonation of the histidine imidazole 
ring in the transition state or tetrahedral intermediate analogue complexes
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triggers the disruption of Asp102—His57 hydrogen bond. Bachovchin has 
contemplated that weakening or rupture of the A sp-H is hydrogen bond is 
"a functional response" that, upon protonation, causes the imidazolium ion 
to move into a position to donate its proton to the nucleofuge.121 Bachovchin 
attributed movement of the histidinium to either (i) "realignment interactions, 
first between the enzyme and the substrate and then within the enzyme 
itself, which more than compensates for the loss of the A sp-H is hydrogen 
bond"; or (ii) "insufficient space for His-57 to accept the serine hydroxyl 
proton w ithout movement of the imidazole ring".121
W hatever the underlying reason may be, it is surely to be 
thermodynamically driven. An Asp'—+His salt bridge stabilizes the native 
state of T4 Lysozyme by 3-5 kcal/m ol relative to the unfolded state.43 
Presuming a similar energy for the Asp—His couple in serine proteases, we 
suggest that the "aspartate hole" offsets the loss of the histidinium hydrogen 
bond by strengthening one or more of the remaining three electrostatic 
interactions (see Figure 3.12).
Recall that the main feature of the imidazolium salicylates is to distort 
the imidazolium out of plane of the carboxylate. For these derivatives, 
positioning of the imidazolium is thermodynamically favored out of plane 
of the carboxylate. In contrast, positioning of the imidazolium in the 
benzoate derivatives is thermodynamically favored in plane of the 
carboxylate. In other words, formation of a strong anti hydrogen bond with 
the carboxylate favors positioning of the imidazolium out of plane. The
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resulting "in plane" -» "out of plane" movement of imidazolium is illustrated 
with imidazolium benzoate, 3.1, and imidazolium 2-hydroxy-3-methoxybenz- 
oate, 3.7, respectively (Figure 3.22).
imidazolium benzoate 3.1 imidazolium 2-hydroxy-3-methoxybenzoate 3.7
Figure 3.22 Movement of the imidazolium from "in plane" (left)
towards "out of plane" (right) of the carboxylate.
Close inspection of the last two figures suggests that, strengthening the 
Aspio2—Ser214 hydrogen bond can induce movement of the histidinium. 
Dutler and Bizzozero119 have implicated hydrogen bonding between the 
substrate and the backbone of Ser-214 with histidinium movement. The 
Asp102-S er214 hydrogen bond not only is short (strong), but more 
importantly, it is stereoelectronically anti relative to the carboxylate (see 
Figure 3.12). In the aspartate hole, hydrogen bonding with the backbone of 
Ala-56 and His-57 is conformationally less flexible than Ser-214, which has 
different conformations of similar energies.125
The preceding discussion implies a role for Ser-214 in catalysis as part 
of a tetra-functional charge-relay mechanism involving a Ser214"-Asp102-H is57-  
Ser195 catalytic tetrad rather than the originally proposed Asp102—His57—Ser195 triad.
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With the exception of two granzymes,1,126 this sequence homology (catalytic 
tetrad) is virtually conserved.103 Recent molecular dynamics simulation of a 
Michaelis complex of a substrate with porcine pancreatic elastase (PPE) 
suggests that catalysis involves this tetrad, but the relationship between Ser- 
214 and Asp-102 is unresolved.127 We suggest that weakening of the 
histidinium hydrogen bond (one out of four hydrogen bonds of the aspartate 
hole) should heighten the Asp102-S er214 interaction by about 2.8 kcal/m ol 
(Table 3.3).
It is note worthy that the effect of the "aspartate hole" on the function 
of the carboxylate in phospholipase A2 (PLA2) has been investigated 
recently.128 This bovine pancreatic lipase utilizes anti-oriented Asp99—H is^ 
catalytic dyad, with the role of Ser substituted by water.129 Site-specific 
mutagenesis of Tyr-52 and Tyr-73 in the aspartate hole reduces the catalytic 
pow er.128
3.4 CONCLUSIONS
Single crystal X-ray diffraction explores the microenvironment in 
crystalline models of the Asp—His couple. In particular, apparent patterns 
in hydrogen bonding geometries have provided a means for delineating the 
electrostatic effects on carboxylate-imidazolium hydrogen bonds. The 
following observations have been established or substantiated:
iGranzymes refer to the granule-associated serine proteases of cytolytic 
T lymphocytes (CTL).
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carboxylate—imidazolium hydrogen bond is thermodynamically more 
favored in the syn orientation.
syn-oriented hydrogen bonds are shorter (stronger) than anti hydrogen 
bonds.
strength of hydrogen bond increases the closer it is directed toward 
the idealized sp2 lone-pair direction.
multiple hydrogen bonding (>2) to carboxylate diminishes its basicity, 
in the absence of a strong anti hydrogen bond, the thermodynamically 
favored syn hydrogen bonding lies within 10° from the plane of the 
carboxylate.
in the presence of one strong anti hydrogen bond, syn hydrogen 
bonding is thermodynamically favored out of plane of the carboxylate 
(30-35°).
in the presence of two strong anti hydrogen bonds, syn hydrogen 
bonding is thermodynamically favored in plane of the carboxylate. 
out-of-plane distortion of imidazoliums resulting from strong anti 
hydrogen bonding suggests a role for Ser-214 in catalysis, 
correlations of hydrogen-bond strength and basicity (pKa and PA) of 
carboxylates are more reliable when carboxylates maintain analogous 
protioligation number (identically solvated).
Ch a pt e r  4
INTRAMOLECULAR
IMIDAZOLIUM-BENZOATE
COUPLES
Many employ miniature enzyme models for elucidating enzyme 
mechanisms. Synthesizing chemical models is seldom simple, and usually 
involves multi-step synthesis. As pointed out in Chapter 1, enzyme models 
should mimic the enzymatic mechanism under investigation. In addition, 
chemical models should have properly juxtaposed catalytic functional groups 
in order to simulate the reaction in question. A biomimetic study usually 
commences by designing the chemical model. Synthesis of the desired model 
and then the necessary kinetic experiments follow.
4.1 OBJECTIVE
The crucial requirement for assessing the carboxylate hypothesis hinges 
on synthesis of chemical models that possess the correct carboxylate 
orientation. The primary goal is to develop synthetic methods leading to the 
preparation of intramolecular models of the Asp—His couple possessing both 
syn- and anfi-oriented carboxylate—imidazolium hydrogen bonds. The latter 
serves as a reference model for the syn couple.
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4.2 ADVANTAGES OF INTRAMOLECULAR ASP—HIS COUPLES
Kinetic evaluation of the carboxylate hypothesis is not restricted to 
any type of protolytic reaction. General-base catalysis by the carboxylate can 
involve a variety of Lewis acids.
Earlier discussions (Chapters 1 & 2) point out two fundamental criteria 
that critically impact the carboxylate hypothesis. The first involves 
maintaining the required carboxylate orientation during the transition state. 
Chemical models that include the Asp—His couple alleviate this difficulty, 
because hydrogen bonding fixes the orientation of the carboxylate toward the 
imidazolyl. As a result, the carboxylate orientation is preserved during the 
transition state. The second criterion concerns the reduction in 
conformational flexibility of reactants. Hydrogen bonding between the 
carboxylate and the imidazolyl not only fixes these groups in the desired 
orientation, it also decreases the requirement for entropy loss from the 
reactant state, by locking the model in some reactive conformations. 
Hydrogen bonding in the reactant state meets these criteria, and enhances 
the possibility of detecting any kinetic stereoelectronic effects by excluding 
uncatalytic conformations.
4.3 SELECTION OF CHEMICAL MODELS
The design of the desired Asp-His models imposes minimal constraints. 
The most important factor concerns the spatial arrangement about the 
carboxylate and the imidazolyl. Figure 4.1 depicts the proposed chemical
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models. Benzimidazolyl substitutes for the imidazole moiety, because 
benzimidazolyl models are simpler to construct. Substituting benzimidazole 
for imidazole does not affect the relevance of the results to the hypothesis 
being tested, because both benzimidazole and imidazole catalyze acyl 
transfer by similar mechanisms.130
?  /C-OH O .C-OH
o c '^ 0 0  
4.2 H4.1
Anti ModelSyn Model
Figure 4.1 The proposed intramolecular Asp—His models.
4.4 RATIONALE OF DESIGN
Although chemical models m ust meet certain geometrical criteria, the 
feasibility of synthesis impacts on the design process. Only one's imagination 
limits the design of chemical models, but constructing the desired models 
is often tedious. A biomimetic study rests on the availability and synthetic 
accessibility of the required chemical models. Therefore, an attractive 
chemical model m ust be synthetically attainable, and preferably involving as 
few steps as possible.
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4.4.1 The Proposed Svn Model
The diarylethyne derivative, 4.3, attracted us as a potential precursor 
for the syn model (Figure 4.2). Oliver65 has utilized this backbone for 
anchoring ester functions to the phenolic group. Analogous frameworks have
Figure 4.2 Synthetic strategy of the proposed syn model.
have been employed for anchoring diboronic acids and dicarboxylic acids 
in a dictated geometry.131
Diarylethyne frameworks exhibit several attractive attributes. First, they 
are relatively rigid, which reduces the conformational degrees of freedom. 
Second, their UV-VIS absorption facilitates kinetic measurements. Third, the 
phenyl moieties can undergo facile electrophilic aromatic substitution with 
a variety of functional groups. Fourth, synthesis of 4.3 has been previously 
developed in this laboratory.65 Finally, the X-ray crystal structure of 4.3 
(Figure 4.3) displays intramolecular hydrogen bonding between the carboxy 
group and the phenolic group.65 As a result, these functional groups are
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Figure 4.3 X-ray crystal structure
of 4.3.
restricted to lie on the same side of the rings, hence inhibiting rotation about 
the acetylene bridge. This intramolecular hydrogen bonding further supports 
the advantages of intramolecular hydrogen bonding in Asp—His couples, 
which have been discussed above in section 4.2.
Molecular mechanics calculations using the MMX force field57 verifies 
our prediction. The energy-minimized structure of the syn model is depicted 
in Figure 4.4. The calculated intramolecular N 24-016  distance and 
N24—H—016 angle are 2.74 A and 162°, respectively. These values meet 
the criteria for strong hydrogen bonding (see chapter 3, section 3.2.2).
4.4.2 The Proposed Anti Model
This model must exclude syn hydrogen bonding. Therefore, a 
comparative kinetic study between the syn and the anti models should reveal 
any kinetic stereoelectronic advantage for carboxylate in general-base 
catalysis.
In addition to its synthetic feasibility, the proposed anti model must 
meet the following minimum criteria: (1) the carboxyl and the benzimid-
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Figure 4.4 Stereoview for the molecular mechanics optimized geometry 
of the proposed syn model (atomic coordinates are given in Appendix 
4A).
azolyl should have similar substituents to the syn model, and; (2) it should 
have an analogous backbone. In general, this last condition is seldom met, 
and is usually difficult to adhere to. The structure of the backbone is 
controlled by the geometrical demands necessary to achieve the required 
spatial arrangement about the desired functional groups, which differ in both 
models. With this in mind, we have designed the anti model with minimal 
structural variation relative to the syn model.
Salicylic acid is a suitable backbone for the proposed anti model. It is 
commercially available, and has an aromatic carboxyl and a phenolic oxygen 
for attachment of the 2-benzimidazolylmethyi, analogous to those of the syn 
model. The electronic environment of both models are quite similar. Figure
4.5 depicts the energy-minimized structure of the proposed anti model. The 
MMX57 calculated intramolecular N10—020 distance and N10—H -O 20 angle
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Figure 4.5 Stereoview for the molecular mechanics optimized geometry 
of the proposed anti model (atomic coordinates are given in Appendix 
4A).
of 2.83 A and 162°, respectively, meet the criteria for hydrogen bonding.
Additional evidence for intramolecular hydrogen bonding involving the 
proposed anti model comes from the crystal structure of the acyclic 
amidinium zwitterion, 4.4 (see also Figure 4.13).132,133 Table 4.1 summarizes 
the relevant hydrogen bonding parameters for both the proposed anti model
4.2 and the amidinium derivative 4.4.
.C-a.
OCH.
OCH.
4.4 OCH.
4.5 RESULTS AND DISCUSSION
4.5.1 Synthesis of the Anti Model
The para-substituted methyl ester of 4.2 is known.134 Consequently, we
4.5.1 Synthesis of the Anti Model 89
Table 4.1 Comparison of Intramolecular Hydrogen-Bonding Parameters of 
Amidinium 4.4 with those of the Proposed Anti Model 4.2.
compound method O -N  (A) O H  (A) Z O -H —N (°)
4.2 MMX 2.83 1.90 162
4.4 X-rayf 2.899(2) 1.99(2) 166(2)
^Structural parameters are given in Appendix 4B.
initially have sought the preparation of 4.2 by coupling of methyl salicylate 
and 2-chloromethylbenzimidazole. This coupling reaction serves as a model 
for anchoring the benzimidazolyl onto the diarylethyne backbone of the syn 
model. Synthesis of the latter backbone requires an expensive catalyst and 
involves several steps.
All attempts to prepare 4.2 by this method have been unsuccessful. As 
pointed out above, Bahadur and Pandey134 have prepared the para- 
substituted methyl ester of 4.2 by coupling of methyl 4~hydroxybenzoate and 
the commercially available 2-chloromethylbenzimidazole in a Williamson 
ether synthesis.
Failure of 2-chloromethylbenzimidazole to undergo substitution with 
methyl salicylate has not been unexpected, because 4.2 has not been 
previously reported. These results however, are not without precedent or 
explanation. First, Sidgwick and Brewer135 have demonstrated that alkali 
derivatives of methyl salicylate and other aromatic compounds with an 
hydroxy group ortho to a carbonyl do not form simple salts. The anion of
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methyl salicylate coordinates with both lithium and sodium ions by chelating 
the metal with ester and oxy anion.135 Chelation of the metal ion decreases 
the nucleophilicity of the phenolate ion. The absence of this ortho effect in 
methyl 4-hydroxybenzoate allows facile nucleophilic substitution with 2- 
chloromethylbenzimidazole.134 Second, Skolnik and co-workers,136 in addition 
to others,137 have pointed out that nucleophilic substitution of 2- 
chloromethyl-benzimidazole and other 2-chloroalkylbenzimidazoles competes 
with self-condensation to form tetracyclic compounds. In particular, 2- 
chloromethyl-benzimidazole readily dimerizes to the piperazine derivative at 
low temperatures (Eq. 4.1).136 Siegart and Day137 have reported formation of 
linear polymers from self-condensation of 2-chloroalkylbenzimidazoles. They
have also demonstrated quantitative hydrolysis upon brief refluxing in water 
at neutral pH .137
We have also attempted to synthesize 4.2 by the method of Phillips,138 
the principal method for the preparation of benzimidazole derivatives. 
Phillips' method involves refluxing phenylenediamine with the appropriate 
carboxylic acid or a derivative (ester, amide, anhydride, etc.) in aqueous HC1. 
This method gives 4.2 in a poor yield (19%), and the reaction conditions
4.5.1 Synthesis of the anti Model 91
(refluxing in 4 N HC1) are not suitable for preparing the syn model. No 
product is obtained when the reaction is carried out under milder conditions 
(Appendix 4F).
The foregoing problems have led us to explore alternative synthetic 
methods. We have accomplished the preparation of 4.2 in good overall 
yields by adopting the m ethod of King and Acheson139 for the preparation 
of benzimidazoles (Figure 4.6). Accordingly, condensation of the acetimidate 
derivative 4.6 with phenylenediamine in absolute ethanol followed by 
hydrolysis of the ester derivative 4.7, gives 4.2 in 66% overall yield. We 
have analyzed the structures of 4.2 (Appendix 4C), 4.2-HC1, and 4.7 
(Appendix 4D) by single crystal X-ray diffraction.
\H2 Cl
EtOHOCH-
4.6
(99%)
OMe4 J
OCH. OCH.
4.24.7
(78%) (85%)
Figure 4.6 Reaction scheme illustrating synthesis of 4.2 from the ester 
derivative of the nitrile precursor 4.5.
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We prepare the nitrile precursor 4.5, the key intermediate for the 
synthesis of 4.2, in 76% yield from the reaction of methyl salicylate with 
chloroacetonitrile and potassium  carbonate in dimethylsulfoxide (DMSO) at 
25° C. Poorer yields of 4.5 (<50%) are obtained when the reaction is carried 
out in the presence of lithium or sodium carbonate. In our hands, the 
m ethod of Wormser and Lieu140 produces 4.5 in low yield (37%). Subsequent 
treatment of 5 with anhydrous HC1 and methanol in ether, according to the 
method of Pinner,141 yields its imidinium derivative 4.6 quantitatively.
Synthesis of 4.2 also has been achieved directly from the carboxylic 
a d d  derivative of the nitrile precursor 4.8 (Figure 4.7). We prepare this 
precursor in 71% yield, from hydrolysis of 4.5 in dilute acid.140 Single­
crystal X-ray analysis verifies the structure of 4.8 (Appendix 4E). Pinner's 
procedure141 converts 4.8 into the imidinium derivative 4.9. Subsequent 
condensation of 4.9 with phenylenediamine yields 4.2 in 57%.
Although satisfactory in yield, the preceding procedures involve 
handling hygroscopic imidinium derivatives. We have developed a one-pot 
procedure, which avoids isolation of the hygroscopic imidates, that affords 
4.7 in higher yields (88% vs. 77%, overall) than the traditional two step 
procedure of King and Acheson.139 Appendix 4F contains a manuscript142 
that describes the relevant synthetic details.
4.5.1.1 Crystal Structure of the Anti Model
Appendix 4C contains a communication that describes the crystal
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EtOHOCH,CN MeOH/EtjO
4.8
OCH.
4.2
(57%)
Figure 4.7 Reaction scheme illustrating synthesis of 4.2 directly 
from the carboxylic acid derivative of the nitrile precursor 4.8.
structure of 4.2 in addition to mechanistic implications for the Asp—His 
dyad in serine proteases.143 One prominent feature of the crystal structure 
is that it exhibits a strong but syn-oriented mfermolecular hydrogen bonding 
between the carboxyl and the benzimidazolyl instead of the anticipated anti­
oriented intramolecular hydrogen bonding (Figure 4.8). The resulting 
hydrogen bond orientation further supports the prevailing stereoelectronic 
preference of carboxylates in hydrogen bonding with imidazoles.
4.5.1.2 Attempted Synthesis of the Imidazolyl Analogue of 4.2 
(a) Reaction involving ethylenediamine
The success of our one-pot reaction (Appendix 4F) in preparing the
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Figure 4.8 Stereoview for the X-ray structure of 2-(2-benzimidazolyl- 
methoxy)benzoic acid, 4.2 (two independent molecules in the unit cell).
desired anti model has enticed us to synthesize the imidazolyl analogue. 
This reaction utilizes ethylenediamine in place of phenylenediamine, and the 
resulting imidazoline derivative, 4.11, would be oxidized to the imidazole 
derivative, 4.12, by known methods144 (Figure 4.9). Condensation of 
ethylenediamine with the imidate derivative 10 however, yields the a- 
substituted (3-coumaranone derivative 4.13 (also referred to as 3(2H)- 
benzofuranone) instead of the anticipated imidazoline derivative 4.11. Single 
crystal X-ray diffraction confirms the structure of 4.13 (Appendix 4B).
Brown and Shavel have patented the same benzofuranone derivative, 
which forms in the reaction of the 2-cyanomethoxybenzaldehyde with 
ethylenediamine and carbon disulfide on a steam bath for 5 h (Eq. 4.2). The 
authors, however, have reported 4.13 in its enol form,145 but 3- 
hydroxybenzofurans exist predominantly in their ketonic tautomers (see 
below).146
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Figure 4.9 Reaction scheme illustrating the attempted synthesis of the 
imidazole analogue of the anti model 4.12 using ethylenediamine-2HCl.
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A likely mechanism leading to formation of 4.13 is that analogous to 
a crossed or mixed Dieckmann/Thorpe-Ziegler reaction. (The Dieckmann147 
and the Thorpe-Ziegler148 reactions are the base-catalyzed mframolecular 
cyclization of esters of dicarboxylic acids, and nitriles, respectively.149) For 
these reactions, mframolecular cyclization occurs under refluxing conditions 
with rate-limiting formation of the carbanion. In the present reaction, 
formation of 13 proceeds smoothly at ambient temperatures.
Does formation of the imidazoline intermediate 4.11 precede 4.13? Figure 4.10 
depicts all possible steps leading to the formation of 4.13. Route IIC, the 
most plausible path leading to 4.13, involves initial formation of the 
amidinium derivative, 4.15. Then 4.15 cyclizes to 4.16 by a facile Dieckmann 
/Thorpe-Ziegler reaction, which likely involves intramolecular general-base 
catalysis by the 5-nitrogen of the amidinium group (ethylenediamine is 5.2 
pKa units more basic than phenylenediamine). Intramolecular "trans- 
amidination" in 4.16 yields 4.13. Formation of 4.13 via route I is unlikely, 
because the reaction of phenylenediamine with 4.10 under the identical 
conditions does not give the benzofuranone derivative. Formation of 4.14 is 
not possible under these conditions. Consequently, routes II A and II B can
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Figure 4.10 Reaction scheme illustrating all possible routes leading to formation of 4.13. VOV]
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be ruled out, because the p Ka of the a-carbon of the amidinium derivatives
4.11 and 4.15 should not be lower than the p Ka of the a-carbon in the 
imidinium derivative 4.10. Replacing oxygen with nitrogen at the iminium 
carbon (N(0)—C =N H ) increases the pKa of the a-carbon. Nitrogen is less 
electronegative by induction and a better donor by resonance.
The foregoing discussion provides no explanation for the unusual 
facility of the reaction that produces 4.13 at ambient conditions. Both the 
Dieckmann and Thorpe-Ziegler reactions normally are conducted at refluxing 
temperatures and for prolonged periods. One possible explanation for the 
observed efficiency may be ascribed to internal solvation of the ammonium 
ion. Kinetic studies show that endoergic proton-transfer reactions from 
secondary and tertiary ammonium ions to other amines become exoergic and 
proceed near unit collision efficiency, when the product ions are cyclic.150 
Molecular mechanics calculations, using the MMX force field,57 indicate that 
the ammonium ion of the zwitterionic intermediate of 4.15 is hydrogen 
bonded to both the iminium nitrogen and the carbonyl oxygen of the ester 
group (Figure 4.11). The N19—N14 and N 1 9 -0 8  distances are 2.34 and 2.58 
A, respectively.
/Mframolecularity general-base catalysis likely contributes to the ease of 
the reaction. Dietze and Jencks,151 in addition to others,152 have shown that 
the maximum advantage for intramolecular reaction occurs when the 
corresponding bimolecular reaction has a large negative AS*, reflecting a 
transition structure that is highly ordered. The competing bimolecular
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Figure 4.11 Stereoview for the molecular mechanics optimized geometry 
of the zwitterionic intermediate of 4.15 (atomic coordinates are given in 
Appendix 4A).
formation of 4.13 involves the endothermic general-base catalysis by the 
methoxide anion which, on the basis of the Hammond postulate153, is 
expected to have a large activation energy. Subsequently, the Hammond 
postulate assumes that the corresponding transition structure should 
resemble the product. This implies a transition structure for proton transfer 
w ith large amount of bond formation to the base, hence low entropy in the 
transition state. Consequently, the transition structure exhibits large amount 
of negative charge development on the a-carbon, which is stabilized by 
resonance in addition to solvation.
Favorable intramolecular reactions should exhibit a large amount of 
bond formation in the transition state.151 For the reaction of 4.15, however, 
the developing positive charge on the ammonium ion offers additional
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electrostatic stabilization of the developing negative charge on the a-carbon. 
This implies a considerably lower barrier for intramolecular C—H—>N8 
transfer relative to the mfermolecular analogue, C—H->'OMe.
(b) Reaction involving acetal o f aminoacetaldehyde 
Another method to the imidazolyl analogue of the anti model involves 
the reaction of aminoacetaldehyde dimethyl acetal with the imidinium 
chloride, 4.9, followed by cyclization of the ensuing amidinium derivative, 
4.4, to the imidazolium analogue (Figure 4.12).133 The first two steps in the
C02H HCl(g) -25° 
OCH,CN MeOH/Et20
a C02H 
OCHXl
4.8
OCH, 
CH,
NHoCl ------—
HXf EtOH,25
OMe4.9
.cod
.OCH-
4.4 OCH-
HOAc
reflux
* OC
co2h
OCH.
4.17 H
Figure 4.12 Attempted synthesis of the imidazole analogue, 4.17, of the 
anti model utilizing aminoacetaldehyde dimethylacetal.
reaction sequence are analogous to the preparation of the benzimidazolium 
derivative (see Figure 4.7), but with the acetal derivative replacing 
phenylenediamine. We cannot purify 4.4, but the single crystal X-ray 
diffraction has verified its structure (Figure 4.13). Refluxing the crude
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Figure 4.13 Single crystal X-ray structure of 4.4 
depicting two molecules of the unit cell (some 
hydrogens are removed for clarity; atomic 
coordinates are given in Appendix 4B).
mixture of 4.4 in acetic acid produces tarry material.
We have pointed out earlier (section 4.4.2) the relevance of the 
mframolecular hydrogen bonding geometry in the crystal structure of 4.4 to 
the anti model. This crystal structure possesses, in addition to the anti- 
oriented mframolecular hydrogen bonding (02-N 1), two mfmnolecular 
hydrogen bonds: one syn-oriented (02---NT), and another anti-oriented 
(01—N2"). Consequently, the crystal structure provides further opportunity 
for examining the impact of stereoelectronics of carboxylates in hydrogen 
bonding. Table 4.2 shows a comparison of these hydrogen bonds.
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Table 4.2 Hydrogen bonding parameters in the crystal structure of 4.4.
^onor !  Acceptor D-A (A ) D—H -A (A ) Z D —H -A (°) co(°)+
0 2 /N 1 ' 2.755(2) 1.85(2) 159(2) 7
0 2 /N 1 2.899(2) 1.99(2) 166(1) 155
01 /N 2" 2.782(2) 1.89(2) 163(2) 110
+co = N+—'O—C—O dihedral angle. 
'  = 1-x, 1-y, 2-z; "= 1-x, y-^, IMt-z.
The shorter distance for 0 2 -N 1 ' demonstrates that the syn oriented 
hydrogen bond is stronger than either of the anti. In addition, the magnitude 
of the out-of-plane distortions, to, for both the syn (7°) and anti (155°) 
hydrogen bonds to 0 2  are in excellent agreement with the ab initio 
calculations109 pertaining to protonated formic acid (see Figure 3.17). In the 
latter, the calculated co's are 7.2 and 158.5°, respectively, for the syn (Hz+) 
and anti (HE+) protons. (Protonated formic acid represents the limiting case 
for two hydrogen-bonded carboxylate). In the absence of geometrical 
constraints, the syn hydrogen bond of a strongly protioligated carboxylate 
is thermodynamically favored to lie in the plane of the carboxylate more so 
than the anti-oriented hydrogen bond.
4.5.2 Synthesis of the Svn Model
Figure 4.14 outlines the overall synthetic approach for preparing the 
proposed syn model, 4.1. The synthetic strategy focuses initially on 
synthesizing the ester derivative, 4.22, followed by saponification of the ester
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Figure 4.14 Reaction scheme outlining the overall synthetic strategy for 
preparation of the syn model, 4.1.
to give 4.1. Synthesis of the latter hinges on preparing the diarylethyne 
backbone 421, methyl 2-(2-hydroxyphenylethynyl)benzoate. Oliver65 has 
prepared 4.21 in large-scale by a modified Castro-Stephens coupling154,155 of 
2-methoxyphenylethyne, 4.19, with methyl 2-iodoberuzoate, followed by
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selective demethylation of the methyl ether of 4.20. Oliver65 has synthesized 
the requisite terminal acetylene 4.19, 2-methoxyphenylethyne, by the method 
of Negishi et al.156
We have not been successful in preparing 4.19 by Oliver's procedure. 
Synthesis of 4.19 involves reaction of ethynylzinc bromide with 2-iodoanisole 
and the catalyst tetrakis(triphenylphosphine)palladium(0), (Ph3P)4Pd, in THF 
at 0°. Ethynylzinc bromide is prepared in situ from ethynyllithium— 
ethylenediamine complex and anhydrous ZnBr2. Kozuka157 has repeated the 
preparation of 4.19 several times, but the yields are inconsistently low 
(<47%). In one case, the yield has been as high as 97%. He attributes the 
inefficiency of the reaction to moisture in the air and solvent.
With a small sample of 4.19 on hand,158 we have proceeded in 
preparing 4.21 by Oliver's procedure. Thus coupling of 4.19 with methyl 2- 
iodobenzoate produces 4.20 in 58% yield. Demethylation of 4.20 with boron 
tribromide (BBr^ in dichloromethane at -5 to -15° C however, gives 4.21 in 
37% yield. Although BBr3 can demethylate the ester group as well, only the 
ether group is demethylated under these conditions.65 Demethylation of the 
ester group requires elevated temperatures.
A plausible reason for the inefficiency of the demethylation reaction is 
formation of benzofuran 4.23. Evans159 has isolated the benzofuran derivative
4.24 from an analogous demethylation reaction with boron trichloride (BCy. 
The structure of 4.24 is confirmed by single crystal X-ray diffraction.160
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4.23 (R1= C 0 2Me; R2/R3 = H)
4.24 (R1/R2 = OMe; R3 = C 0 2Me)
Synthesis of the ester derivative of the syn model, 4.22, is outlined in 
Figure 4.15. Coupling of phenol 4.21 with 2-chloromethylbenzimidazole,
Figure 4.15 Reaction scheme describing synthesis of the syn model ,4.1, 
via its ester derivative, 4.22.
according to the m ethod of Bahadur and Pandey,134 gives 4.22 in 28% yield 
with 34% recovery of 4.21. On the other hand, our single-pot reaction, 
condensation of phenylenediamine dihydrochloride with the nitrile 4.25 in 
the presence of sodium methoxide, gives 4.22 in 89% yield. Both reactions
(50%)
ClCHjd
C-OMe OCHjCN
4.25
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have been carried out only once; NMR and IR spectra support the
structure assigned to 4.22. Saponification of the crude mixture of 4.22 at 
ambient temperatures gives the syn model, 4.1, in 50% yield. At the present, 
our efforts are focused on purification and preparation of 4.1 in crystalline 
form suitable for X-ray diffraction. NMR and IR spectra support the
assigned structure to 4.1.
The nitrile precursor, methyl 2-(2-cyanomethoxyphenylethynyl)benzoate, 
4.25, has been prepared in 41% yield from the reaction of phenol 4.21 and 
potassium tert-butoxide with chloroacetonitrile in dimethylformamide (DMF). 
A similar yield is obtained when the reaction is carried out in DMSO in the 
presence of potassium carbonate. Single crystal X-ray diffraction confirms the 
structure of 4.25 (Figure 4.16).
Figure 4.16 Stereoview for the crystal structure of 4.25 (atomic
coordinates are given in Appendix 4B).
N1
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4.5.3 Improved Synthesis of Diarvlethvne, 4.21
We have sought a more efficient procedure for synthesizing 
diarylethyne, 4.21, because this framework serves as a prototype for other 
molecular recognition studies in these laboratories. The traditional procedure 
(Figure 4.14) incorporates two flaws. First, preparation of the requisite 
terminal acetylene, 4.19, requires scrupulously dry conditions, and yields are 
variable. Second, selective demethylation of the ether group in 4.20 gives
4.21 in low yields, which is caused by formation of undesired products: the 
benzofuran, 4.23, and possibly other cyclic derivatives.65
Prey and Pieh161 have shown that sodium-pyridine cleaves the ether 
ring of benzofuran, 4.26, yielding 2-hydroxyphenylacetylene, 4.27, (Eq. 4.3). 
Odaira162 has obtained 4.27 in lower yield (54%) following the same 
procedure. Ring cleavage of the benzofuran ring also occurs in refluxing 
sodium-DMSO and potassium ferf-butoxide-DMSG.163
^ y \  Na/C6H£ L
reflux
au111
*C> (4.3)
4.26 4.27 (84% )
We have attem pted preparation of 4.27 by Prey and Pieh's procedure, 
because pyridine is removed easier than DMSO. In one attempt, washing the 
product mixture with 1% HC1 during workup has caused polymerization. 
The product also have polymerized in a second attempt after evaporation
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of solvent in vacuo in a hot water bath. Prey and Pieh161 have shown that 
4.27 polymerizes under ambient conditions. Subramanian and Johnson164 also 
have ascertained that 4.27 is sensitive to air oxidation.
In view of the above difficulties, we have developed a procedure for 
preparing the desired diarylethyne, 4.21, and which obviates the necessity 
of isolating 4.27. This method is superior to the previous one for preparing 
the diarylethyne framework, 4.21. It avoids the use of BBr3 for selectively 
deprotecting the phenolic group. In addition, the final product, 4.21, requires 
no further purification. The isolated product from the reaction mixture gives 
satisfactory elemental analysis. The new procedure (Figure 4.17) involves in 
situ acetylation of 4.27 to give the aryl acetate derivative, 4.28. This acetate 
derivative is stable at ambient conditions, but decomposition occurs during 
Kugelrohr distillation in vacuo. Coupling of crude 4.28 with methyl 2- 
iodobenzoate under the usual conditions gives 4.29 in 81% yield. Although 
decomposition is not observed, Kugelrohr distillation of 4.29 in vacuo also 
is not an effective method for purification. Subsequent trans-esterification of 
crude 4.29 gives 4.21 in 96% yield. As pointed out above, the isolated 
product requires no further purification.
4.6 SUMMARY
We have explored synthetic methods for the preparation of 
mframolecular models of the Asp—His couple possessing syn and anti 
oriented carboxylate—imidazolium hydrogen bond. The preference for syn
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1) Na/C6H5N r =
4.26
2) HOAc
3) (A c)20
C-OCH.
4.29 (81%)
O II
<X>C H 3 
CH
4.28 (68%)
2) sat. NH4C1
d - I
Pd
OHC-OCH.
4.21 (96%)
Figure 4.17 Reaction scheme depicting the improved synthesis of 
diarylethyne, 4.21.
versus anti hydrogen bonding is manifested in the crystal structure of the 
anti model, where the carboxyl forms a syn oriented intermolecular hydrogen 
bond with the benzimidazolyl, rather than the anticipated anti oriented 
intramolecular hydrogen bond. The significance of the resulting hydrogen 
bonding to the Asp—His dyad in serine proteases has been published 
elsewhere.
We have developed a one-pot procedure for preparing the ester 
derivative of the anti model. This method affords the methyl ester derivative 
of the anti model in higher yields than the traditional two step procedure. 
Preparation of the methyl ester derivative of the syn model by the one-pot 
procedure also is superior to the conventional Williamson method.
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We also have developed an efficient method for preparing the 
diarylethyne backbone of the syn model. This method includes an 
improvement in a known procedure for synthesizing the requisite terminal 
acetylene derivative from benzofuran. Our method produces the desired 
diarylethyne in high purity, requiring no further purification. Unlike the 
original procedure, which requires the use of a corrosive reagent for 
selectively deprotecting the phenolic group, our method produces the phenol 
in high yields via trans-esterification.
4.7 EXPERIMENTAL PROCEDURES
4.7.1 General Methods
Melting points were measured on Fisher Johns or Electrothermal 
melting point apparatus, and are uncorrected. and 13C NMR were 
recorded on IBM AF 100, Bruker AC 200, or Bruker AM 400 FTNMR 
spectrometers. Proton chemical shifts are expressed in parts per million 
(ppm) down field from internal tetramethylsilane (TMS). 13C chemical shifts 
also are expressed in ppm  relative to the solvent chemical shift. Infrared (IR 
and FTIR) data are reported in reciprocal centimeters (cm"1), and were 
recorded with Perkin Elmer 283B or IBM IR/44 FTIR spectrophotometers. 
Mass spectra were obtained with Hewlett-Packard 5985A mass spectrometer. 
Elemental analysis were performed by Desert Analytics of Tuscon, Arizona.
Unless otherwise noted, reagent grade solvents were obtained from 
Mallinckrodt, and were used as received. All other materials were obtained
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from Aldrich, and also used as received. Reagent grade dimethylsulfoxide 
(DMSO), dimethylformamide (DMF), methanol (MeOH), glacial acetic ad d  
(HOAc), and acetic anhydride ((Ac)20 )  were stored over molecular sieves 
(4 A) for at least 24 h prior to use. Triethylamine (Et3N) was distilled over 
calcium hydride (CaH2), then stored over molecular sieves (4 A). Pyridine 
(Q H 5N) also was distilled over CaH2 and stored over sodium hydroxide 
(NaOH). Chloroacetonitrile was distilled, and stored over molecular sieves 
(4 A). Phenylenediamine was recrystallized from hexane, then sublimed 
under vacuum before use.
4.7.2 Preparative Methods
4.7.2.1 Synthesis of 2-(2-benzimidazolvlmethoxv)benzoic acid, 4.2 
M ethod A
Ha,
,
4.5
'(«)
OCHjCN MeOH/EtjO
.CO-jMe ^ l)HO+
' OCH^1'2 a  ElQH 2)OH'
4*6 4.7
2-carbomethoxyphenoxyacetimidate hydrochloride, 4.6. A solution of 
4.5165 (2.0 g, 10.0 mmol) and 5 mL of anhydrous methanol in 50 mL of 
anhydrous diethyl ether was saturated with anhydrous HC1 at 0°C. Stirring 
was continued for a few minutes at which time a white solid precipitated 
from the solution. The reaction flask was stoppered and refrigerated 
overnight. The precipitate was filtered under nitrogen, washed several times
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with cold anhydrous ether, and dried by suction under nitrogen yielding 4.6 
(2.57 g, 99%) as white solid with mp. 148°C (sealed tube). Anal. Calcd for 
Cn H14C lN 04: C, 50.88; H, 5.43. Found: C, 50.64; H, 5.61.
m ethyl 2-(2-benzimidazolylmethoxy)benzoate, 4.7. Under nitrogen, a 
solution of 4.6, (2.3 g, 8.86 mmol) in 40 mL of absolute ethanol was added 
dropwise over a period of 20 min to a stirring solution of phenylenediamine 
(0.86 g, 7.97 mmol) in 20 mL of absolute ethanol at room temperature. 
After completion of the addition, the reaction mixture was stirred for 4^ h 
at room temperature. The reaction mixture was treated with decolorizing 
charcoal and then saturated with water (70-75 mL). The resulting mixture 
was allowed to stand overnight at room temperature. The precipitate which 
formed was filtered, washed with distilled water, and air dried yielding 1.75 
g (78%) of 4.7 as fine colorless needles with mp. 161.5-162°C (dec). 
Recrystallization from cyclohexane gave 4.7 as colorless needles with mp.
159.5-160°C. A single crystal suitable for X-ray analysis was obtained by 
recrystallization from hexane. FTIR (KBr) 3300-2200 (br, N—H, H-bonded), 
1727 (Ar—C = 0 , with a shoulder at 1680), 1599, 1588, 1491 (Aryl C =C , and 
N  heterocycl. combination of C = C  and C =N ), 1433 (Ar ring vib.), 1242, 
1086, 1045 cm'1 (Alkyl a n d /o r Aryl C—O), 761, 752, 741 (Ar—H def.); *H 
NMR (100 MHz, CDC13) 5 3.93 (s, —C 0 2CH3, 3H); 5.47 (s, ArO—CH2—, 
2H); 6.96-7.91 (m, ArH, 8H); 11.54 (br, = N H , 1H); 13C NMR (50.33 MHz, 
CDCI3) 8 52.29 (s), 65.93 (s), 111.38 (s), 114.56 (s), 119.25 (s), 119.85 (s),
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CDCI3) 5 52.29 (s), 65.93 (s), 111.38 (s), 114.56 (s), 119.25 (s), 119.85 (s), 
121.73 (s), 122.02 (s), 122.72 (s), 131.95 (s), 133.49 (s), 134.37 (s), 143.65 (s), 
150.80 (s), 158.15 (s), 166.46 (s); MS, mje (relative intensity) 282 (M+, 14.7), 
253 (21.7), 131 (100.0), 104 (10.4), 77 (17.5). Anal. Calcd for C16H14N20 3: C, 
68.08; H, 5.00; N, 9.92. Found: C, 68.18; H, 4.95; N, 9.81.
2-(2-benzimidazolylmethoxy)benzoic acid, 4.2. A suspension of 4.5 (4.0 g, 
14.0 mmol) in 100 mL of 0.5 N  HC1 was refluxed for 15 h. Cooling to 
room temperature resulted in formation of a precipitate. The resulting 
mixture was warmed until complete dissolution of the precipitate, followed 
by neutralizing with concentrated NH4OH. After cooling to room 
temperature, the precipitate that formed was filtered, washed with water, 
and air dried giving 3.33 g (85%) of 4.1 as a white solid with mp. 
200-203.5°C. Recrystallization from a mixture of 1:2 water/absolute ethanol 
gave tan needles with mp. 212.5-213 °C. A second recrystallization from 
80% aq. dioxane yielded white solid with mp. 201.5-202°C. A suitable single 
crystal for X-ray analysis was obtained by slow evaporation from dioxane. 
FTIR (KBr), 3454 (R2N—H), 3330-2680 (H—bonded COO—H centered at 
3194), 3069 (Ar—H), 1680 (Ar—C = 0 ), 1601, 1489 (Aryl C =C , and N 
heterocycl. C = C  and C = N ), 1452, 1439 (Aryl multiple C=C), 1271, 1095, 
1049 (Alkyl a n d /o r Aryl C—O), 735 cm_1(Ar—H def.); *H NMR (100 MHz, 
d6-DMSO) 8 5.47 (s, ArO—CH2—, 2H); 6.99-7.72 (m, ArH, 8H); 13C NMR 
(25.16 MHz), d6-DMSO, ppm) 64.80 (s), 114.78 (s), 115.03 (s), 121.30 (s),
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122.05 (s), 122.61 (s), 130.75 (s), 132.86 (s), 138.14 (s), 150.14 (s), 156.59 (s), 
167.17 (s); MS, m/e (relative intensity) 268 (M+, 34.3), 239 (10.2), 223 (11.0), 
131 (100.0), 104 ( 17.5), 92 (10.2), 77 (28.8), 65 (11.8), 64 (12.6), 63 (14.9). 
Anal. Calcd for C15H12N20 3 • *  H20 : C, 64.98; H, 4.36; N, 10.10. Found: 
C, 65.22; H, 4.50; N, 10.16. Anal. Calcd for C15H12N20 3: C, 67.16; H, 4.51. 
Found: C, 66.87; H, 4.49.
M ethod B
!* H S  f ^ Y C° jH HClp
^O C H , 
4S
,CN MeOH/EtjO
C 02H + _ O n h |
■HfPOC1
4.9
HjCl
OMe
ElOH
COjH
2-carboxyphenoxyacetonitrile, 4.8. A suspension of 4.5165 (2.0 g, 10.0 mmol) 
in 150 mL of 1% aq. HC1 was refluxed for 3 h. The reaction mixture was 
cooled to room temperature. The resulting precipitate was filtered, washed 
with cold water, and air dried giving 1.27 g (71%) of 4.8 as white powder 
with mp. 139-143°C (lit140: 141-145). Recrystallization from benzene yielded 
colorless plates with mp. 145.5-147.5°C (lit140: 145-147). IR (KBr) 3650-3300 
(COO—H), 1690 (C = 0 , with a shoulder at 1670), 1605 (C=C), 1270, 1220, 
and 1098 c m 1 (alkyl a n d /o r aryl C—O); NMR (100 MHz, d3-CH3CN) 8 
4.99 (s, -O—CH2—CN, 2H); 7.12-7.27 (m, ArH, 2H); 7.53-7.63 (m, ArH, 1H); 
7.85-7.94 (m, ArH, 1H); 13C NMR (25.16 MHz, d3-CH3CN) 8 55.78 (s), 116.38 
(s), 116.75 (s), 123.37 (s), 124.01 (s), 133.09 (s), 134.84 (s), 157.53 (s), 169.00
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(21.9), 105 (100.0), 104 (42.4), 92 (24.7), 81 (56.6), 65 (43.1), 64 (18.8), 63 (44.4), 
62 (12.2), 53 (23.0), 39 (39.1). Anal. Calcd for C9H7N 0 3: C, 61.02; H, 3.98; 
N, 7.91; O, 27.09. Found: C, 60.76; H, 3.72; N, 7.90; O, 26.77.
2-carboxyphenoxyacetimidate hydrochloride, 4.9. A solution of 4.8 (1.5 g,
8.5 mmol) and 0.34 mL of anhydrous methanol in 40 mL of dry THF was 
saturated with anhydrous HC1 at room temperature and the resulting 
solution was stirred for 5 min at which time a precipitate formed. The 
reaction flask was stoppered and refrigerated overnight. The precipitate was 
filtered under nitrogen, washed with cold anhydrous ether, then dried by 
suction under nitrogen giving 1.39 g (66.5%) of 4.9 as white solid with mp.
221.5-222°C (dec). Anal. Calcd for C10H 12ClNO4: C, 48.89; H, 4.92; Cl, 14.43; 
N, 5.70. Found: C, 48.50; H, 4.91; Cl, 14.03; N, 5.62.
2-(2-benzimidazolylmethoxy)benzoic acid, 4.2. Under nitrogen, a warm 
solution of 4.9 (1.3 g, 5.3 mmol) in 40 mL of absolute ethanol was added 
dropwise over a period of 30 min to a stirring solution of phenylenediamine 
(0.54 g, 5 mmol) in 12 mL of absolute ethanol at room temperature. 
Precipitation started after 20 min into the addition of the imidate solution. 
After completion of the addition, the reaction mixture was stirred for 1 h. 
The resulting precipitate was filtered, washed with 95% cold ethanol, and 
dried in vacuo giving 0.76 g (57%) of 4.2 as white solid with m.p 202-203°C. 
Spectral data are identical to that prepared according to Method A.
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4.7.2.2 Synthesis of Methyl 2-(2-hydroxvphenylethynyl)benzoate, 4.21
o >
1) wc6h5n O-I-CHj
8-OCHj
< 3 "
H-OCHj O^ -CHj : jl-ocHj OH
f t2) HOAc Pd' V -7 2 ) ml NH4a \ % j V J
4.26 3)(Ac)jO 4.28 4.29 ! 4 . 2 1
2-Acetoxyphenylacetylene, 4.28. A solution of 4.26 (5.9 g, 0.05 mol) in 48.5 
mL pyridine in a 250 mL Rb flask, equipped with a large stirring bar, was 
purged with nitrogen for 30 min. Sodium (3.45 g, 0.15 mol) was added to 
the solution, and the resulting mixture was slowly brought to refluxing 
under a nitrogen atmosphere. Refluxing was continued for 4 h. The resulting 
dark solution was allowed to cool to room temperature, then diluted with 
pyridine (100 mL). The reaction flask was immersed in an ice-water bath, 
then 15 mL of glacial acetic acid was slowly added to the cold reaction 
mixture. The resulting orange solution was stirred for 3 h, until complete 
dissolution of all unreacted sodium. Acetic anhydride (14 mL) was added 
to the reaction mixture, and the resulting mixture was stirred for 17 h at 
ambient temperatures. The reaction mixture was then poured into 200 mL 
of distilled water. The aqueous solution was extracted five times with 50 mL 
portions of CC14. The organic phase was washed four times with 50 mL 
portions of 1% aq. Na2CC>3, followed by washing with water, then dried 
over CaCl2. Evaporation of solvent in vacuo gave 8.14 g (100%) of 4.28 as 
an orange oil. Kugelrohr distillation under vacuum gave 5.42 g (68%) (note
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1) of 4.28 as an orange oil (bp. 102-107/3.5mm). FTIR (neat, KC1) 3284.5 
( C C - H ) ,  2111.5 (C=C), 1762.6 (C = 0), 1485.4, 1447 (Ar ring vib.), 1370.4 
(sym. CH3 def.), 1203.6, 1176.5 (0 = C —O), 1100.2 cm"1 (alkyl and /o r aryl 
C—O); !H NMR (200 MHz, CDCLj) 8 2.34 (s, 0 = C —CH3, 3H); 3.24 (s, 
C C - H ,  1 H); 7.07-7.25 (m, ArH, 2H); 7.33-7.42 (m, ArH, 1H); 7.52-7.56 (m, 
ArH, 1H); 13C NMR (50.33 MHz, CDC13) 8 20.80 (s), 78.54 (s), 81.9 (s), 116.29 
(s), 122.31 (s), 125.84 (s), 129.96 (s), 133.62 (s), 152.11 (s), 168.80 (s); MS, m/e 
(relative intensity) 160 (M+, 17.4), 119 (11.6), 118 (100.0), 90 (50.8), 89 (38.4), 
74 (3.7), 63 (30.3), 51 (5.7) (note 2).
Notes:
1) During distillation, the pressure has dropped to 4.5 mm with 
temperature increasing to 120°, at which temperature 
decomposition of the product occurred.
2) The major impurities, identified by MS, are: benzofuran; 2,2'- 
bipyridine; 2-acetoxytoluene.
m ethyl 2-(2-acetoxyphenylethynyl)benzoate, 4.29. A solution of 4.28 (4.0 
g, 25.97 mmol) and methyl 2-iodobenzoate166 (6.80 g, 25.97 mmol) in 150 mL 
of Et3N was purged with nitrogen for 30 min. The palladium catalyst, 
((Ph3P)4Pd, 300 mg, 0.026 mmol) was added to the deaerated solution, 
followed by Cul (2.48 mg, 0.013 mmol), and the resulting solution was 
refluxed for 4 h under a nitrogen atmosphere. The solvent was removed in 
vacuo, and the orange residue was dissolved in 100 mL CH2C12 (DCM). The
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vacuo, and the orange residue was dissolved in 100 mL CH2C12 (DCM). The 
DCM solution was filtered through a short alumina column (activated, 80- 
200 Mesh) to remove the catalyst. The solvent was evaporated in vacuo, and 
the product was Kugelrhor distilled under vacuum. The fraction boiling at 
203-205/0.5 mm was collected, giving 6.18 g (81%) of 4.29 as a light 
yellow/green oil. FTIR (neat, KC1) 3066.6, 3030.1 (=C —H), 2999.3, 2951.5 
(CH3, C—H), 2218.2 (G C ), 1762.4, 1728.7 (C =0), 1594.4, 1567.8 (C=C), 
1494.6, 1477.5, 1446.3, 1434.3 (Ar ring vib.), 1369.3 (sym —CH3, C—H def.),
1296.6 (Aryl conjugated C—O), 1255.5, (acetate C—O), 1190.8 (0 = C —O),
1131.5, 1098.8, 1079.3 cm'1 (alkyl a n d /o r aryl C—O); ’H NMR (200 MHz, 
CDCLj) 8 2.40 (s, R—C(O)—CHj, 3H); 3.94 (s, -CC^CH^ 3H); 7.14-7.65 (m, 
ArH, 7H); 7.96-7.99 (m, ArH, 1H); 13C NMR (50.33 MHz, CDClg) 5 20.88 (s),
52.08 (s), 89.20 (s), 92.69 (s), 117.50 (s), 122.38 (s), 123.43 (s), 125.85 (s), 128.12 
(s), 129.66 (s), 130.33 (s), 131.65 (s), 133.34 (s), 134.12 (s), 151.47 (s), 166.31 
(s), 169.07 (s).
m ethyl 2-(2-hydroxyphenylethynyl)benzoate, 4.21. Sodium (0.63 g, 27.39 
mmol) was added to a solution of 4.29 (6.18 g, 20.99 mmol) in 100 mL of 
methanol at 0°. Stirring was continued at 0 to 5 0 until complete dissolution 
of the sodium (25 min), at which time the reaction mixture was quenched 
with 100 mL of cold saturated solution of NH4C1. The resulting precipitate 
was filtered, air dried, yielding 5.05 g (96%) of 4.21 as a white powder with 
mp. 75-75.5°C (lit.65 70-72°). FTIR (thin film, KC1) 3391.4 (OH), 2211.6 (CaC),
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1712.6 (C = 0), 1572.4 (C=C), 1493.9 (Ar ring vib.), 1258.4, 1202, 1094.6 
cm'1 (alkyl an d /o r aryl C—O); *H NMR (200 MHz, CDCI3) 5 3.98 (s, -
Found: C, 76.11; H, 4.73.
4.7.2.3 Synthesis of methyl 2-f2-(2-benzimidazolvlmethoxv)phenvlethvnvn- 
benzoate. 4.22 
M ethod A
Sodium (0.18 g, 7.93 mmol) was added to a cold solution of 4.21 (2.0 g, 7.93 
mmol) in 100 mL MeOH at 0-5°C. After complete dissolution of sodium, 2- 
chloromethylbenzimidazole167 (1.32 g, 7.93 mmol) was added in little portions 
to the cold methanolic solution, and the resulting mixture was stirred for 12 
h without further cooling. The reaction mixture was saturated with distilled 
water (note 1), and the resulting solution was extracted with DCM, then 
dried over magnesium sulfate. The DCM solution was concentrated in vacuo 
(=100 mL), then filtered through a short silica column. Evaporation of
CQzCH* 3H); 6.84-7.04 (m, ArH, 2H); 7.25-7.70 (m, ArH, 5H); 8.08-8.13 (m, 
ArH, 1H); 8.31 (s, ArOH, 1H). Anal. Calcd for C16H120 3: C, 76.18; H, 4.80.
OMe OCH-
Na/MeOH
H
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solvent in vacuo gave 0.56 g (37%) of crude 4.22 as a viscous orange oil 
(note 2). FTIR (neat, KC1) 3351.5 (>NH), 2215.2 (O C ), 1713.8 (C = 0), 1627 
(C=N ), 1496 (Ar ring vib.), 1433.7 (sym —CH3, C—H def.), 1271.3, 1078.6 
cm'1 (alkyl a n d /o r aryl C—O); *H NMR (100 MHz, CDCI3) 5 3.99 (s, - 
CQ2CH3, 3H); 5.54 (s, ArO—CH2—, 2H); 7.04-8.10 (m, ArH, 12H).
Notes:
1. An oil separated from the saturated aqueous methanolic 
solution.
2. The viscous oil turns into a white foamy solid when placed 
under a vacuum, and becomes deliquescent yellow substance at 
ambient conditions.
Method B
-O M o OH
Jr~\ QCHjCN
4.21
C-OM e OCHjCN
1) Na/MeOH
4.25
2HC1
C-OM e OCHj
m ethyl 2-(2-cyanomethoxyphenylethynyl)benzoate, 4.25. A solution of 
potassium ferf-butoxide (1.2 g, 10.69 mmol) in 20 mL of DMF at 0°C was 
treated with 4.21 (2.0 g, 7.93 mmol), followed by slow addition of a solution 
of chloroacetonitrile (1.0 mL, 15.86 mmol) in 10 mL DMF over a period of
4.7 Experimental Procedures 121
30 min. After completion of the addition, DMF (10 mL) was added to the 
reaction mixture, and the resulting solution was stirred for 24 h without 
further cooling. The reaction mixture was poured into 100 mL of cold 
distilled water, then extracted several times with DCM. The DCM extract 
was washed with water several times, and dried over M gS04. The solvent 
was evaporated in vacuo, and the resulting yellow oil was dissolved in 50 
mL of MeOH, then allowed to stand at ambient temperatures over night. 
The resulting precipitate was filtered, and air dried, yielding 0.95 g (41%) 
of 4.25 as colorless crystals with mp. 111.5-112°. FTIR (thin film, KC1) 3072.9 
(Ar—H), 2994.6, 2951.3 (sp3 C—H), 2224.4 (CeC), 1724.8 (C=Q), 1594.6, 1568 
(C=C), 1496.6, 1479.3, 1448.7, 1479.3 (Ar ring vib.), 1297.4, 1272.8, 1255.6,
1219.6, 1110.3, 1079.6 cm'1 (alkyl a n d /o r aryl C—O); JH  NMR (200 MHz, 
CDCI3) 5 3.96 (s, -COz—CH3, 3H); 5.00 (s, O—CH2—C=N, 2H); 7.06-7.18 (m, 
ArH, 2 H); 7.37-7.70 (m, ArH, 5H); 7.97-8.01 (m, ArH, 1H); 13C NMR (50.33 
MHz, CDCI3) S 52.23 (s), 55.65 (s), 89.31 (s), 93.42 (s), 114.75 (s), 115.26 (s), 
115.92 (s), 123.45 (s), 123.86 (s), 128.16 (s), 130.15 (s), 130.44 (s) 131.58 (s), 
131.76 (s), 134.23 (s), 157.12 (s), 166.38 (s); MS, m/e (relative intensity) 291 
(M+, 16.8), 276 (10.6), 259 (71.3), 231 (100.0), 220 (28.1), 203 (25.8), 180 (12.6), 
163 (36.2), 152 (33.3), 133 (59.9), 110 (10.5), 96 (33.8), 81 (26.5), 63 (10.1), 39 
(7.8), 28 (12.2). Anal. Calcd for C18H 13N 0 3: C, 74.22; H, 4.50; N, 4.81. Found: 
C, 73.80; H, 4.41; N, 4.70.
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methyl 2-[2-(2-benzimidazolylmethoxy)phenylethynyl]benzoate, 4.22.
A solution of sodium (0.1 g 4.35 mmol) in 25 mL MeOH was added to a 
solution of 4.25 (1.21 g, 4.15 mmol) in 50 mL of MeOH at ambient 
temperatures, and the resulting solution was allowed to stir for 30 min. 
Phenylenediamine dihydrochloride (0.79 g, 4.35 mmol) was added to the 
methanolic solution, and the resulting solution was stirred for 3 h. The 
reaction mixture was saturated with water, then extracted with DCM, and 
dried over M gS04. Evaporation of solvent in vacuo gave 1.41 g (89%) of 
crude 4.22 as a viscous orange oil. NMR and IR are analogous to that 
prepared by method A.
4.7.2.3.1 Saponification of methyl 2-r2-(2-benzimidazolvlmethoxv)phenvl- 
ethvnvllbenzoate. 4.22
2-[2-(2-benzimidazolylmethoxy)phenylethynyl]benzoic acid, 4.1.
A solution of crude 4.22 (1.41 g, 3.69 mmol) in a mixture of 20 mL MeOH 
and 5 mL H20  was treated with 0.2 g of Na2C 0 3. The pH of the resulting 
solution was adjusted to a value of 11 with 5% aq. NaOH, and the mixture 
was allowed to stir at ambient temperatures for 48 h. Water (8 mL) was
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added to the reaction mixture to dissolve all solids, and the resulting basic 
solution was neutralized (pH ~6) with concentrated HC1. The resulting 
precipitate was filtered and air dried, giving 0.68 g (50%) of crude 4.1 as a 
tan solid with mp. 129-140° (dec.). FTIR (thin film, KC1) 3724.3-2691.1 
(COO—H), 2220.9 (CsC), 1784.4,1769.9 (ArH out-of-plane summation bands),
1708.8 (C = 0), 1597.5, 1575.6, 1497.5, 1441.6 (Aryl C =C , and N heterocycl. 
combination of C = C  and C =N ), 1363.1 (Ar tert. C—N), 1278.2, 1238.4,
1112.3 cm'1 (alkyl an d /o r aryl C—O). *H NMR (100 MHz, d6-DMSO) 8 5.48 
(s, ArO—CH2—> 2H); 6.97-7.94 (m, ArH, 12H).
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A p p e n d ix  2A
Intramolecular Hydrogen Bonding or Not? 
Crystallographic and Theoretical Analysis of the Side 
Chain Conformation of 2-(Hydroxymethyl)benzimidazole.f
Nabeel A. R. Nabulsi, Frank R. Fronczek, and Richard D. Gandour
Department of Chemistry, Louisiana State University, 
Baton Rouge, LA 70803-1804, USA
Summary; The side-chain conformation in 2-(hydroxymethyl)benzimidazole 
is examined by X-ray diffraction, molecular mechanics, and the AMI 
semiempirical MO method. In the crystal structure, the hydroxymethyl side- 
chain adopts a conformation that precludes intramolecular hydrogen bonding 
to the benzimidazolyl. Both molecular mechanics and AMI predict that 
analogous conformations are the most stable. Constraining the side-chain in 
a favorable conformation for intramolecular hydrogen bonding produces 
energy maxima. With molecular mechanics calculations, the energy difference 
increases with an increase in the dielectric. These results demonstrate that 
intramolecular hydrogen bonding between the hydroxyl and the 
benzimidazolyl is unlikely. The potential of 2-(hydroxymethyl)benzimidazole 
as a model for the His—Ser couple in serine proteases is discussed.
^To be submitted to J. Mol. Struct.
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Introduction: Numerous enzyme models try to duplicate the acceleration
and the selectivity exhibited by enzymes.1 Many use 2-hydroxymethylimid- 
azole, 2A.1, and analogs as simple models of the His—Ser couple in serine 
proteases2 and in carbonic anhydrase3. Others use the benzo derivative, 2- 
(hydroxymethyl)benzimidazole, 2A.2, to model these and other enzymes.4,5,6,7
c h 2oh H
2A.1 2A.2
The catalytic mechanism exhibited by models of the His—Ser couple 
m ust mimic that of the enzyme. Imidazole-catalyzed hydrolysis usually 
proceeds by two mechanisms: nucleophilic and general-base.8 For acyl esters 
with good nucleofuges, nucleophilic catalysis predominates, while a general- 
base mechanism usually dominates for alkyl esters with poor nucleofuges.2 
The latter mechanism operates in serine proteases,9 where the imidazolyl 
residue of histidine-57 accepts a proton from the nucleophilic serine-195.
We are investigating the stereoelectronic effects on acid-base catalysis, 
especially distance and angular requirements for proton transfer.10,11 What 
level of precision in the positioning of an acid and a base enables optimal catalysis? 
Models of the His-Ser couple require intramolecular juxtaposition of the 
imidazolyl and the hydroxyl. The optimum geometry for intramolecular
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proton transfer between N and O occurs when the cyclic transition structure 
can accommodate a nearly linear (180±30°) arrangement of donor-proton- 
acceptor of appropriate length.11 Intramolecular hydrogen bonding should 
precede Q-»N intramolecular proton transfer.
Most intramolecular hydrogen bonds are in six-membered rings or 
larger (including the hydrogen) due to the favorable angularity of the 
hydrogen bond. Five-membered rings are rarer because of the smaller 
hydrogen-bond angle.12 However, Menger et al. has shown that 
intramolecular proton transfer occurs in constrained five-membered rings 
with carbon donors (0--H —C) where the proton on the donor is inside the 
van der Waals radius of the acceptor.13
In the absence of constraints, what is the probability of intramolecular proton 
transfer in a five-membered ring in 2A.2? To address the above question, we 
have structurally analyzed 2A.2 as a potential intramolecular model of the 
His-Ser couple. In the crystal structure14,15 of 2A.2 (Figure 2A.1), the 
hydroxymethyl side-chain adopts a conformation that precludes 
intramolecular hydrogen bonding, and instead the hydroxy group hydrogen 
bonds infermolecularly with N1 of another molecule of 2A.2 (x-^, y, -z+^). 
This result contrasts that of a solution, fluorimetric study of 2A.2 from 
which Sinha and Dogra suggest the presence of an intramolecular hydrogen 
bond.16
Com putational results: Molecular mechanics calculations using the
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H8  1
ca
H 5
ca
H10N 2
CS
H2N
IC4 C1
C2
C3
H2
Figure 2A.1 Stereoview for the X-ray structure of 2A.2.
MMX17,18,19,20 force field, and AMI semiempirical molecular orbital (MO) 
calculations21,22,23'24 further support the argum ent against intramolecular 
hydrogen bonding. Table 2A.1 summarizes selected structural parameters 
and relative energies for the two energy-minima conformations of 2A.2 and 
a minimized conformation that is constrained for intramolecular hydrogen 
bonding. The minimum energy conformations of the hydroxymethyl side 
chain in both the MMX and AMI calculations are comparable (but not 
identical) to that determined by X-ray diffraction. Note that the low-energy 
conformations calculated by AMI are virtually identical to those calculated 
by MMX at low dielectric.
The results in Table 2A.1 clearly demonstrate that side-chain 
conformations at the minima are unfavorable for intramolecular hydrogen 
bonding. The N - H—O angle deviates greatly from linearity. The calculated 
intramolecular N -O  and N —H  distances are large and exceed the criteria for 
hydrogen bonding.25
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Table 2A.1 Comparison of Selected Structural Parameters in 2A.2 from 
X-ray, Molecular Mechanics, and AMI Studies.
10
Method n i - o (A) N l-H (A ) ZNlHO(°) COi 0)2 ea AH f
X-rayf 3.4 3.2 93 106 -42 - -
MMX 3.2 3.0 93 84 -67 1.5 0.00
MMX 3.1 2.9 97 -70 62 1.5 0.01
MMX 2.8 2.2 118 0‘ 3 1.5 0.80
MMX 3.3 3.0 94 -93 61 78.3 0.00
MMX 3.2 3.1 95 91 -61 78.3 0.00
MMX 2.9 2.3 117 0' 0' 78.3 1.31
AMI 3.1 2.8 98 -71 60 1 0.00
AMI 3.1 2.9 98 72 -60 1 0.00
AMI 2.9 2.4 112 r 0' 1 1.90
tOj is the 0-C8-C7-N1 torsion angle. is the H1-0-C8-C7 torsion angle. 
“Dielectric constant. bRelative heat of formation in kcal-mol'1. Positional 
parameters are listed in Table 2A.2. 'Fixed angles.
Constraining the side-chain in a favorable conformation for 
inframolecular hydrogen bonding produces an energy maxima. With the
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MMX force field, the energy difference increases with an increase in the 
dielectric.
Crystallographic analysis and theoretical calculations both indicate that 
intramolecular hydrogen bonding in 2A.2 is unlikely. Consequently, 
intramolecular proton transfer in a 5-membered cyclic structure is equally 
unlikely. A bridging water molecule could conduct proton transfer in a 
seven-membered ring between the two centers11,26,27, but this mechanism is 
difficult to demonstrate in an enzyme or solution. In the absence of 
bridging solvent, deviations from the optimal conformation in the transition 
structure raise the activation energy for proton transfer.28 Scheiner283 has 
shown that the energy barrier to proton transfer is very susceptible to the 
angularity of hydrogen bonds. In particular, angular distortions of <40° from 
linearity increase the barrier to mfermolecular O—H-»N transfer by as much 
as 8.7 kcal/m o l28a
In summary, the combination of X-ray crystallography, molecular 
mechanics, and AMI studies demonstrate that intramolecular hydrogen 
bonding in 2A.2 requires a conformation that is not an energy minimum. As 
a model for the His—Ser couple, 2A.2 lacks a critical interaction, viz, a stable 
hydrogen bonding between the hydroxyl and the nitrogen. Our results 
support Akiyama's dismissal of participation of hydroxyl in 2A.1 and 
analogous derivatives during the general-base catalyzed hydrolysis of ethyl 
dichloroacetate.29
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Table 2A.2 Positional Parameters and their Estimated Standard
Deviations for 2-Hydroxymethylbenzimidazole 2A.2.
atom X y z B, A2+
O 0.0503(2) 0.09869(6) 0.1078(1) 4.31(2)
N1 0.3750(2) -0.00390(6) 0.2182(1) 2.84(2)
N2 0.2838(2) -0.02692(6) 0.0044(1) 2.90(2)
C l 0.3560(2) -0.09199(6) 0.0488(1) 2.63(2)
C2 0.3742(2) -0.16145(7) -0.0119(1) 3.46(3)
C3 0.4538(2) -0.21487(7) 0.0655(2) 3.84(3)
C4 0.5147(2) -0.19984(8) 0.1988(1) 3.82(3)
C5 0.4949(2) -0.13124 (7) 0.2596(1) 3.37(3)
C6 0.4145(2) -0.07676(7) 0.1834(1) 2.66(2)
C 7 0.2975(2) 0.02276(7) 0.1090(1) 2.66(2)
C8 0.2255(2) 0.09891 (7) 0.0999(1) 3.24(3)
H IO 0.014(2) 0.064(1) 0.179(2) 5.5(4)*
H2N 0.230(2) -0.01890(9) -0.084(1) 4.4(4)*
H2 0.329(2) -0.171(1) -0.101(1) 4.4(4)*
H3 0.473(2) -0.2649(9) 0.026(1) 4.2(3)*
H4 0.578(2) -0.2381(9) 0.252(2) 4.5(3)*
H5 0.536(2) -0.1215(9) 0.352(2) 4.5(4)*
H81 0.276(2) 0.1304(9) 0.179(2) 4.4(4)*
H82 0.248(2) 0.1233(7) 0.009(2) 3.3(3)*
fStarred atoms were included with the isotropic thermal parameters. The 
thermal parameter given for anisotropically refined atoms is the isotropic 
equivalent thermal parameter defined as:
Bgq = (8 * 2 /3 )!^  Uy aj’aj* a, • a,.
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A p p e n d ix  2B
MOLECULAR MECHANICS CALCULATED 
POSITIONAL PARAMETERS
Table 2B.1 MMX calculated atomic coordinates (A) for 
Rebek et al.'s model (see Figure 2.1).
atom X y 2
C l -.26803 -1.53156 1.41528
C2 1.13506 -2.08263 1.73374
C3 2.22178 -1.80643 .66815
C4 1.64086 -2.03573 -.75118
C5 .20249 -1.54058 -1.00754
C6 -.73733 -2.07659 .06853
C7 -.29444 .00104 1.37146
C8 .10142 -.01211 -1.00824
N9 -.13481 .64283 .17392
010 -.50731 .60197 2.40247
O il .19831 .56918 -2.07006
C12 -.40247 2.10052 .11268
C13 .15116 2.97169 1.24461
014 -.57627 3.62870 1.96152
C15 1.65386 3.06283 1.43005
C16 2.79270 -.38113 .81488
017 2.63812 .47714 -.09357
018 3.41912 -.09884 1.86631
C19 -1.91843 2.33967 -.07573
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Table 2B.1 C onfd.
atom X y z
C20 -2.26032 2.19247 -2.58011
C21 -2.48615 1.66014 -1.29748
C22 -3.25425 .48688 -1.18346
C23 -3.77651 -.14570 -2.32221
C24 -3.53832 .39194 -3.59580
C25 -2.77887 1.56445 -3.72300
C26 -1.26340 -2.02479 2.49210
H27 1.03243 -3.18889 1.82604
H28 1.45545 -1.73667 2.74339
C29 3.39016 -2.81215 .85767
H30 1.61129 -3.13645 -.92298
H31 2.33429 -1.64197 -1.53050
C32 -.28571 -2.08424 -2.37198
H33 -1.78708 -1.76279 -.13801
H34 -.73041 -3.19185 .07380
H39 .11466 2.55328 -.76407
H42 1.93438 4.04177 1.88088
H43 1.98935 2.26043 2.12145
H44 2.18665 2.98435 .45708
H49 -2.46713 1.99137 .83005
H50 -2.13195 3.43020 -.17363
H51 -1.66115 3.11103 -2.69336
H52 -3.44900 .05133 -.18964
H53 -4.37237 -1.06758 -2.21562
H54 -3.94525 -.10475 -4.49237
H55 -2.58670 1.99189 -4.72132
H56 -2.28204 -1.60279 2.32901
H57 -1.36133 -3.13449 2.47893
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Table 2B.1 ConFd.
atom X y 2
H58 -.94038 -1.74727 3.52157
H59 4.21726 -2.60823 .13879
H60 3.81493 -2.79262 1.88740
H61 3.06542 -3.86462 .68994
H62 -1.30086 -1.70171 -2.62669
H63 .40253 -1.80652 -3.20293
H64 -.34891 -3.19647 -2.37052
Table 2B.2 MMX calculated atomic coordinates (A) for 
Skorey et ah's  model a (see Figure 2.3).
atom X y z
C l -1.70959 -.15142 -.46767
C2 -.38409 -.31884 -.14204
N3 .19441 .95576 -.19161
C4 -.80692 1.84558 -.54597
N5 -1.94017 1.18143 -.71318
H6 1.11272 1.15818 -.01462
C7 .35673 -1.59049 .21126
C8 1.87200 -1.46071 .47872
0 9 2.47845 -2.47302 .79163
O10 2.48557 -.36874 .38451
C ll .18132 -2.58307 -.95883
C12 -.29722 -2.17209 1.48345
H13 -2.48535 -.93064 -.53232
C14 -.58308 3.31552 -.71770
Appendix 2B 150
Table 2B.2 Confd.
atom X y 2
H20 .65787 -3.56839 -.75118
H21 .63389 -2.17958 -1.89404
H22 -.89241 -2.79214 -1.16882
H23 .14873 -3.14898 1.77969
H24 -1.38716 -2.35379 1.34194
H25 -.18260 -1.47330 2.34414
026 -1.60647 4.05068 -.07684
H27 .39952 3.63552 -.29786
H28 -.61652 3.56168 -1.80524
H29 -2.41824 3.60491 -.27731
Table 2B.3 MMX calculated atomic coordinates (A) for 
Skorey et al.'s model b (see section 2.1.2.1).
atom X y z
C l -1.71230 -.17602 -.48530
C2 -.39888 -.36951 -.13264
N3 .21153 .89185 -.14332
C4 -.76484 1.80417 -.51465
N5 -1.90784 1.16576 -.71412
H6 1.12838 1.07607 .05040
C7 .31942 -1.64948 .21767
C8 1.82827 -1.38261 .39087
0 9 2.34667 -1.55020 1.48228
O10 2.51623 -.98541 -.58468
C ll .09586 -2.69560 -.89582
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Table 2B.3 C onfd.
atom X y z
C12 -.29903 -2.18976 1.52505
H13 -2.49972 -.94025 -.58053
C14 -.50596 3.27071 -.66926
H20 .66321 -3.63140 -.68519
H21 .41019 -2.32251 -1.89766
H22 -.97784 -2.97896 -.98433
H23 .18324 -3.14298 1.84243
H24 -1.38635 -2.40285 1.40768
H25 -.20213 -1.45655 2.35904
026 -1.50622 4.02754 -.01769
H27 .48519 3.55935 -.24676
H28 -.53304 3.53149 -1.75355
H29 -2.33669 3.64615 -.26606
Table 2B.4 MMX calculated atomic coordinates (A) for 
Skorey et al.'s model c (see section 2.1.2.1).
atom x y  z
C l -1.72110 -.16593 -.49352
C2 -.39513 -.31458 -.16325
N3 .16755 .96924 -.21580
C4 -.84483 1.84699 -.58296
N5 -1.96430 1.16248 -.74661
H6 1.07564 1.20440 -.03733
C7 .35168 -1.58340 .19558
C8 1.86611 -1.47984 .47932
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Table 2B.4 Corn'd.
atom X y z
0 9 2.46093 -2.49866 .78928
O10 2.51697 -.41156 .40772
C ll .18138 -2.57365 -.97844
C12 -.31536 -2.16826 1.46039
H13 -2.48888 -.95343 -.55782
C14 -.62328 3.31785 -.75522
H20 .65379 -3.56109 -.77144
H21 .64100 -2.16851 -1.90951
H22 -.89090 -2.78131 -1.19684
H23 .12620 -3.14635 1.75926
H24 -1.40402 -2.34982 1.30939
H25 -.20826 -1.47135 2.32357
026 -1.50224 4.06104 .06182
H27 .42039 3.60034 -.48080
H28 -.81219 3.60228 -1.81712
H29 -2.38289 3.83803 -.19198
Table 2B.5 MMX calculated atomic coordinates (A) for 
Skorey e t a l.'s  model d (see Figure 2.4).
atom x  y  z
C l -1.66739 -.27219 -.54133
C2 -.38256 -.36458 -.06583
N3 .12475 .94161 -.01493
C4 -.88214 1.78287 -.47192
N5 -1.94082 1.05320 -.78250
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Table 2B.5 Cant'd.
atom X y z
H6 .99632 1.20231 .27658
C 7 .41414 -1.57448 .35652
C8 1.83110 -1.50839 -.24499
0 9 2.80404 -1.63439 .47743
010 1.99531 -1.32030 -1.47587
C ll -.24885 -2.88950 -.10408
C12 .45887 -1.56459 1.89927
H13 -2.38553 -1.08911 -.71491
C14 -.71795 3.26777 -.57409
H20 .37428 -3.77036 .17478
H21 -.40045 -2.92201 -1.20761
H22 -1.24565 -3.03454 .37187
H23 .99311 -2.45483 2.30401
H24 -.56866 -1.57856 2.33059
H25 .96698 -.65295 2.29078
026 -1.70723 3.93893 .17654
H27 .27885 3.58726 -.18853
H28 -.81597 3.58299 -1.63956
H29 -2.54723 3.69441 -.17578
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Table 2B.6 MMX calculated atomic coordinates (A) for
Skorey et al.'s model e (see Figure 2.4).
atom X y z
C l .30596 1.39565 .55918
C2 .03964 .06124 .37511
N3 -1.18439 -.02144 -.30298
C4 -1.61561 1.28386 -.50650
N5 -.72610 2.11696 .00874
H6 -1.63743 -.81773 -.57256
C7 .85327 -1.13585 .80309
C8 2.26344 -1.05498 .18889
0 9 3.24470 -1.20925 .89467
010 2.41305 -.82537 -1.03671
C ll .19918 -2.46266 .36559
C12 .92170 -1.11310 2.34570
H13 1.18113 1.84345 1.05677
C14 -2.90014 1.61682 -1.20058
H20 .81909 -3.33595 .67369
H21 .06550 -2.52353 -.73902
H22 -.80580 -2.59233 .82911
H23 1.45800 -2.00222 2.75014
H24 -.10007 -1.12184 2.79063
H25 1.43947 -.20306 2.72753
026 -2.67127 2.45207 -2.31529
H27 -3.40913 .69334 -1.56454
H28 -3.57788 2.15434 -.49634
H29 -2.26966 3.24502 -1.99994
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Table 2B.7 MMX calculated atomic coordinates (A) for
Zimmerman et al.'s model at e = 1.5 (see Figure 2.5).
atom X y z
N1 2.50624 -.40571 .56211
0 2 1.62306 -1.81057 -2.01921
0 3 -1.28263 -1.40780 -2.59557
C4 -2.23701 .04001 -.11120
0 5 -1.29107 2.05974 2.03294
0 6 1.62594 2.02424 1.84225
C7 3.25332 -1.12342 -.37418
C8 .71860 -2.86288 -2.34373
C9 -2.18560 -1.98803 -1.65612
CIO -2.90438 1.15602 .42890
C ll -.42955 3.14045 2.38953
C12 2.88273 1.47198 2.21226
C13 3.34652 .53328 1.13960
C14 .89635 2.57854 2.93156
C15 -2.15508 2.36648 .94536
C16 -2.92476 -.92134 -.87594
C17 -.42411 -2.34840 -3.23835
C18 2.68587 -2.25298 -1.17849
N19 4.55704 .38723 .61430
C20 4.52669 -.61273 -.33128
H21 1.57824 -.53689 .76579
C22 -4.30716 1.15250 .42750
C23 -5.01505 .14285 -.23195
C24 -4.32502 -.86495 -.91495
C25 -.75457 ■ -.11921 .10578
026 -.00376 .62745 -.49651
027 -.36874 -1.01322 .89925
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Table 2B.7 Cant'd.
atom X y z
H36 1.28783 -3.65008 -2.89695
H37 .32060 -3.32374 -1.41008
H38 -1.64810 -2.64870 -.94075
H39 -2.90186 -2.63278 -2.21972
H40 -.21244 3.79547 1.51170
H41 -.94800 3.75523 3.16553
H42 2.79383 .89429 3.16268
H43 3.61218 2.30668 2.34448
H44 .69685 1.78989 3.69732
H45 1.50521 3.39636 3.38911
H46 -1.55888 2.76191 .08880
H47 -2.85375 3.17326 1.27352
H48 -1.03896 -3.19661 -3.62665
H49 .01839 -1.83090 -4.12405
H50 3.47436 -2.72732 -1.81070
H51 2.31482 -3.00559 -.44328
H53 5.39707 -.93257 -.92572
H54 -4.86445 1.94739 .94930
H55 -6.11803 .14549 -.22100
H56 -4.89650 -1.61233 -1.48891
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Table 2B.8 MMX calculated atomic coordinates (A) for
Zimmerman et al.'s model at e = 78.3 (see section 2.1.3).
atom X y 2
N1 2.62705 -.60850 .33437
0 2 1.28743 -1.60229 -2.19742
0 3 -1.50621 -1.08241 -2.50479
C4 -2.25149 .08036 .13253
0 5 -.94038 1.78217 2.23539
0 6 1.82292 1.66605 1.89292
C7 3.19486 -1.11639 -.83699
C8 .42639 -2.60235 -2.73471
C9 -2.38685 -1.76692 -1.61759
CIO -2.84973 1.14148 .84346
C ll -.10076 2.82696 2.72304
C12 3.14641 1.16534 2.04961
C13 3.48822 .35880 .83258
C14 1.27507 2.23345 3.07801
C15 -2.04047 2.25938 1.46952
C16 -3.03202 -.78924 -.65671
C l 7 -.79384 -1.93631 -3.39687
C18 2.50813 -2.13821 -1.69170
N19 4.55743 .40196 .05264
C20 4.40646 -.48970 -.98638
H21 1.78821 -.86600 .71259
C22 -4.24828 1.16839 .94803
C23 -5.03376 .23260 .26767
C24 -4.42794 -.72064 -.55815
C25 -.75341 -.12151 .19449
026 -.03788 .62739 -.44401
027 -.30242 -1.04873 .90632
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Table 2B.8 Corn'd.
atom X y z
H36 .98781 -3.18894 -3.50248
H37 .11141 -3.29686 -1.91969
H38 -1.82922 -2.53788 -1.03774
H39 -3.16129 -2.29002 -2.22793
H40 .03869 3.61071 1.93929
H41 -.58445 3.28832 3.61824
H42 3.20522 .50629 2.94817
H43 3.84790 2.02698 2.15630
H44 1.16726 1.43762 3.85480
H45 1.95758 3.03450 3.45327
H46 -1.66154 2.88722 .62767
H47 -2.67027 2.89937 2.13288
H48 -1.48820 -2.69322 -3.83529
H49 -.43455 -1.29130 -4.23543
H50 3.15889 -2.43783 -2.54770
H51 2.29593 -3.02924 -1.05408
H53 5.14581 -.64216 -1.78889
H54 -4.74612 1.92766 1.57359
H55 -6.13179 .25378 .37190
H56 -5.06414 -1.40945 -1.13812
A p p e n d ix  3A
PREPARATION AND CRYSTALLOGRAPHIC DATA OF 
IMIDAZOLIUM BENZOATES
3A.1 GENERAL PROCEDURE
All im idazolium  benzoates were prepared by co-crystallizing 5 mmol 
of im idazole (Aldrich) w ith 5 mmol of the appropriate benzoic acid (aldrich 
and Baker) from about 40-50 mL of the appropriate solvent. Both substrates 
were used as received. Reagent grade solvents also were used as received.
3A.2 CRYSTAL DATA AND METHOD
(1) Im idazolium  Benzoate, 3.1
C10H10N2O2/ Mr = 190.2 g /m ol, prepared by slow evaporation from 
dichlorom ethane. M onoclinic, space group P 2 j/n , colorless crystal: a = 
8.9257(9), b = 12.229(3), c = 9.5367(9) A; (3 = 112.875(8)°; V = 959.1(3) A3' Z 
= 4, Dx = 1.317 g cm’3; UM o Ka) = 0.71073 A, = 0.88 cm ' \ T  = 298 K; R 
= 0.041 for 1570 observations (of 2799 unique data).
(2) Im idazolium  4-Nitrobenzoate, 3.2
CjoHgNaO* M r = 235.2 g /m o l, prepared by recrystallization from m ethanol. 
Triclinic, space group P I, colorless crystal, size 0.18 x 0.35 x 0.48 mm: a = 
5.9671(7), b = 7.5285(6), c = 11.8298(11) A; a  = 103.019(7), p = 100.202(9), y
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= 90.742(8)°; V  = 508.8(2) A3' Z = 2, Dx = 1.535 g cm '3; UCn Ka) = 1.54184 
A, = 9.90 cm ~l, T = 293 K; R = 0.036 for 1910 observations (of 2101 unique 
data).
(3) 4-M ethvlim idazolium  Benzoate, 3.3
Cn H12N202, Mr = 204.2 g /m ol, prepared by slow evaporation from acetone. 
Monoclinic, space group P21/n , colorless crystal, size 0.14 x 0.22 x 0.45 mm: 
a = 13.459(9), b = 7.657(2), c = 10.429(2) A, jj = 101.34(1)°; V = 1053.7(7) A3' 
Z = 4, Dx = 1.287 g cm '3; X(Cu Ka) = 1.54184 A, = 7.03 cm A, T  = 295 K; 
R = 0.039 for 1756 observations (of 2122 unique data).
(4) Im idazolium  4-Hvdroxvbenzoate, 3.4
C10H10N 2O3, Mr = 206.2 g /m ol, prepared by slow evaporation from
dichloromethane. Monoclinic, space group P21/n , colorless crystal, 0.48 x 0.53 
x 0.60 mm: a = 9.5891(11), b = 10.5199(11), c = 10.567(10) A, (3 = 113.735(10)°; 
V = 975.8(2) A3' Z = 4, Dx = 1.403 g cm’3; ?i(Cu Ka) = 1.54184 A, = 8.44
cm '1, T = 296 K; R = 0.041 for 1884 observations (of 2005 unique data).
(5) Im idazolium  4-Ami nobenzoate, 3.5
C10Hn N3O2, Mr = 205.2 g /m ol, prepared by slow evaporation from
m ethanol. Monoclinic, space group P 2 j/n , colorless crystal, 0.28 x 0.38 x 0.38 
mm: a = 7.3494(5), b = 11.743(2), c = 11.9914(8) A, p = 105.033(6)°; V = 
999.5(4) A3' Z = 4, Dx = 1.364 g cm '3; ?i(Cu Ka) = 1.54184 A, = 7.74 c m '
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\  T = 295 K; R = 0.050 for 1758 observations (of 2059 unique data).
(6) Im idazolium  Salicylate. 3.6
C10H10NiO3, M r = 206.2 g /m ol, prepared by slow evaporation from
m ethanol. Tetragonal, space group P43212, colorless crystal: a -  7.7790(11),
c = 33.410(5) A; V  = 2022(2) A3' Z = 8, Dx = 1.355 g cm'3; MCu Ka) = 
1.54184 A, = 8.15 cm A, T = 298 K; R = 0.034 for 1935 observations (of 2081 
unique data).
(7) Im idazolium  3-M ethoxvsalicvlate, 3.7
Cn H12N204, Mr = 236.2 g /m ol, prepared by slow evaporation from
m ethanol. Monoclinic, space group Pna2j colorless crystal, size 0.22 x 0.25 
x 0.35 mm: a = 10.6570(7), b = 8.0830(5), c = 13.1779(8) A; V = 1135.2(2) A3' 
Z = 4, Dx = 1.382 g cm'3; Jl(Cu Ka) = 1.54184 A, = 8.59 cm T = 296 K; 
R = 0.02937 for 2122 observations (of 2274 unique data).
(8) Im idazolium  4-M ethvlsalicvlate • 4-M ethvlsalicvlic acid, 3.8
M r = 372.4 g /m ol, prepared by slow evaporation from
dichlorom ethane. Triclinic, space group P I , colorless crystal, size 0.12 x 0.30 
x 0.38 mm: a = 7.3131(5), b = 8.8918(7), c = 14.5576(8) A, a  = 80.446(6), p = 
86.671(6), y  = 73.852(7)°; V = 896.6(1) A3' Z = 2, Dx = 1.379 g cm 3; A.(Cu Ka) 
= 1.54184 A, = 8.26 cm A, T -  296 K; R = 0.045 for 3037 observations (of 
3623 unique data).
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(9) Im idazolium  2.6-Dihydroxvbenzoate, 3.9 
C10H10N2O4, M r = 222.2 g /m ol, prepared by slow evaporation from isopropyl 
alcohol. Monoclinic, space group P21/c , colorless crystal, size 0.25 x 0.37 x 
0.55 mm: a = 7.8224(7), b = 13.8909(7), c = 9.4714(11) A; V  = 1019.0(3) A3' Z 
= 4, Dx = 1.448 g cm'3; X(Cu Ka) = 1.54184 A, = 9.23 cm T = 297 K; R 
= 0.037 for 1979 observations (of 2097 unique data).
3A.3 TABLES OF POSITIONAL PARAMETERS
Table 3A.1 Positional param eters w ith estim ated standard 
deviations for im idazolium  benzoate, 3.1.
atom x y z B(A2)
O l 0.0269(1) 0.37650(9) -0.1117(1) 4.85(3)
0 2 0.2588(1) 0.42431(9) 0.0722(1) 4.76(3)
C l 0.1484(2) 0.4382(1) -0.0561(2) 3.60(3)
C2 0.1618(2) : 0.5307(1) -0.1544(2) 3.60(2)
C3 0.0347(2) 0.5531(2) -0.2902(2) 6.00(5)
C4 0.0463(2) 0.6351(2) -0.3857(2) 7.37(5)
C5 0.1857(2) 0.6954(2) -0.3454(2) 5.73(4)
C6 0.3145(2) 0.6735(2) -0.2118(2) 5.21(4)
C7 0.3032(2) 0.5916(1) -0.1157(2) 4.34(3)
N1 0.0371(2) 0.2073(1) 0.0587(1) 4.60(3)
N2 0.0894(2) 0.0718(1) 0.2143(1) 5.16(3)
C8 0.1528(2) 0.1575(2) 0.1714(2) 5.07(4)
C9 -0.1022(2) 0.1516(2) 0.0289(2) 5.54(4)
CIO -0.0716(2) 0.0683(2) 0.1241(2) 5.69(4)
H3 -0.063(2) 0.508(2) -0.322(2) 7.8(5)*
H4 -0.050(2) 0.651(2) -0.484(2) 9.0(6)*
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Table 3A.1 C onfd.
atom X y z B( A2)
H5 0.194(2) 0.754(2) -0.423(2) 6.4(4)’
H6 0.415(2) 0.712(1) -0.174(2) 7.6(5)’
H  7 0.395(2) 0.572(1) -0.018(2) 6.1(4)’
H1N 0.047(2) 0.276(2) -0.002(2) 7.5(5)’
H2N 0.150(2) 0.022(2) 0.298(2) 9.0(6)’
H8 0.254(2) 0.178(1) 0.211(2) 5.7(4)’
H9 -0.206(2) 0.177(2) -0.048(2) 7.1(5)’
H10 -0.146(2) 0.005(2) 0.126(2) 10.0(6)'
‘Atoms refined isotropically.
The equivalent isotropic therm al param eter, for atoms refined 
anisotropically, is defined by the equation:
B(A2) = (8 n 2 /3 )Ifl a-a* a, . aj.
Table 3A.2 Positional param eters w ith estim ated standard 
deviations for im idazolium  4-nitrobenzoate, 3.2.
atom  x y z B(A2)
O l 0.0960(1) 0.6205(1) 0.19358(7) 3.88(2)
0 2 0.3643(1) 0.4923(1) 0.30142(7) 3.99(2)
0 3 -0.3543(2) 0.9698(1) 0.68822(9) 5.25(2)
0 4 -0.0492(2) 0.9110(2) 0.79873(3) 5.26(2)
N1 0.6425(2) 0.2708(1) -0.05055(8) 3.38(2)
N2 0.4722(2) 0.3235(1) 0.09940(8) 3.25(2)
N3 -0.1665(2) 0.9062(1) 0.70173(8) 3.62(2)
C l 0.1942(2) 0.5877(1) 0.28889(8) 2.77(2)
C2 0.0996(2) 0.6693(1) 0.39852(8) 2.45(2)
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Table 3A.2 Cant'd.
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atom X y z B( A2)
C3 -0.1143(2) 0.7432(1) 0.38760(9) 2.82(2)
C4 -0.2024(2) 0.8190(1) 0.48649(9) 2.95(2)
C5 -0.0752(2) 0.8216(1) 0.59592(9) 2.72(2)
C6 0.1369(2) 0.7488(1) 0.61018(9) 2.84(2)
C 7 0.2232(2) 0.6713(1) 0.61018(9) 2.65(2)
C8 0.6598(2) 0.3623(2) 0.06083(9) 3.30(2)
C9 0.4377(2) 0.1722(2) -0.0848(1) 3.56(2)
CIO 0.3325(2) 0.2055(2) 0.0090(1) 3.51(2)
H3 -0.205(2) 0.742(2) 0.309(1) 3.9(3)’
H4 -0.347(2) 0.868(2) 0.478(1) 4.2(3)’
H6 0.224(2) 0.751(2) 0.685(1) 3.7(3)’
H 7 0.369(2) 0.621(2) 0.518(1) 3.8(3)’
H1N 0.742(3) 0.289(2) -0.103(1) 6.5(4)’
H2N 0.447(2) 0.384(2) 0.173(1) 5.1(3)’
H8 0.780(2) 0.443(2) 0.106(1) 4.1(3)’
H9 0.398(2) 0.093(2) -0.160(1) 4.1(3)’
H10 0.191(2) 0.160(2) 0.016(1) 4.5(3)’
’Atoms refined isotropically.
The equivalent isotropic therm al param eter, for atoms refined 
anisotropically, is defined by the equation:
B(A2) = (8n2 /3 )2 fl U;j a?a? % • a,.
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Table 3A.3 Positional parameters with estimated standard
deviations for 4-methylimidazolium benzoate, 3.3.
atom x y z B(A2)
O l 0.61916(6) 0.1301(2) 0.12269(8) 4.60(2)
0 2 0.67940(7) 0.0979(2) -0.05842(7) 5.01(2)
N1 0.39806(7) 0.4341(2) -0.21642(8) 3.80(2)
N2 0.47512(8) 0.2900(2) -0.04892(9) 3.93(2)
C l 0.68721(9) 0.0860(2) 0.0625(1) 3.62(2)
C2 0.78526(8) 0.0161(2) 0.14167(1) 3.52(2)
C3 0.8605(1) -0.0445(2) 0.0793(1) 4.56(3)
C4 0.9497(1) -0.1131(2) 0.1514(2) 5.35(3)
C5 0.9642(1) -0.1224(2) 0.2844(2) 5.44(3)
C6 0.8904(1) -0.0602(3) 0.3477(1) 5.54(3)
C7 0.8013(1) 0.0092(2) 0.2766(1) 4.55(3)
C8 0.48402(9) 0.3527(2) -0.1636(1) 4.13(3)
C9 0.38107(9) 0.3327(2) -0.0273(1) 3.90(2)
CIO 0.33186(8) 0.4229(2) -0.13186(1) 3.50(3)
C ll 0.22833(9) 0.4984(2) -0.1633(1) 4.84(3)
H1N 0.380(1) 0.486(3) -0.298(1) 7.1(4)*
H2N 0.531(1) 0.221(3) 0.018(2) 7.7(5)*
H3 0.849(1) 0.221(3) -0.018(1) 5.3(4)*
H4 1.001(1) -0.164(3) 0.106(1) 6.9(4)*
H5 1.028(1) -0.168(3) 0.340(2) 6.9(4)*
H6 0.898(1) -0.066(3) 0.447(2) 7.4(5)*
H 7 0.750(1) 0.055(2) 0.323(1) 5.6(4)*
H8 0.543(1) 0.343(2) -0.202(1) 5.5(4)*
H9 0.359(1) 0.297(2) 0.052(1) 4.6(3)*
H il l 0.210(1) 0.550(3) -0.0838(2) 7.9(5)*
H112 0.178(2) 0.416(3) -0.196(2) 9.6(5)*
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Table 3A.3 C ant'd.
atom X y z B(A2)
H I 13 0.221(1) 0.597(3) -0.224(2) 9.0(5)*
‘Atoms refined isotropically.
The equivalent isotropic therm al param eter, for atoms refined 
anisotropically, is defined by the equation:
B(A2) = (8*12/3)2$ Uij a ^ ’ aj • a,.
Table 3A.4 Positional param eters w ith estim ated standard 
deviations for im idazolium  4-hydroxybenzoate, 3.4.
atom  x  y  z  B(A2)
O l -0.49304(9) 0.60249(8) 0.19097(8) 2.96(2)
0 2 -0.62319(9) 0.6279(1) -0.03459(8) 3.63(2)
0 3 -1.0206(1) 0.1942(1) 0.07281(9) 4.57(2)
C l -0.6035(1) 0.5750(1) 0.0780(1) 2.69(2)
C2 -0.7142(1) 0.4757(1) 0.0793(1) 2.73(2)
C3 -0.7026(1) 0.4186(1) 0.2020(1) 3.15(2)
C4 -0.8045(1) 0.3261(1) 0.2035(1) 3.33(3)
C5 -0.9192(1) 0.2867(1) 0.0797(1) 3.27(3)
C6 -0.9335(2) 0.3436(2) -0.0435(1) 3.99(3)
C7 -0.8321(1) 0.4366(1) -0.0432(1) 3.65(3)
N1 -0.2353(1) -0.0599(1) 0.1525(1) 3.57(2)
N2 -0.4140(1) -0.1880(1) 0.0315(1) 3.26(3)
C8 -0.3187(1) -0.1583(1) 0.1588(1) 3.36(3)
C9 -0.2778(2)- -0.0260(2) 0.0176(1) 4.07(3)
CIO -0.3894(2) -0.1065(1) -0.0576(1) 3.90(3)
H 30 -1.005(2) 0.164(2) 0.159(2) 5.3(4)*
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Table 3A.4 Corn'd.
atom X y z B( A2)
H3 -0.619(2) 0.440(1) 0.291(2) 4.4(4)*
H4 -0.791(2) 0.286(2) 0.288(2) 4.6(3)*
H6 -1.018(2) 0.310(2) -0.133(2) 5.6(4)*
H 7 -0.843(2) 0.479(1) -0.132(1) 3.8(3)*
H1N -0.153(2) -0.021(2) 0.226(2) 6.0(4)*
H2N -0.492(1) -0.252(1) 0.008(1) 5.0(4)*
H8 -0.315(2) -0.201(1) 0.244(1) 4.5(3)*
H9 -0.228(2) 0.039(1) -0.001(1) 4.2(3)*
H10 -0.449(2) -0.113(2) -0.159(1) 4.9(4)*
‘Atoms refined isotropically.
The equivalent isotropic therm al param eter, for atoms refined 
anisotropically, is defined by the equation:
B(A2) = (87t2/3)2j2j a-a* a4 • a,.
Table 3A.5 Positional param eters with estim ated standard 
deviations for im idazolium  4-aminobenzoate, 3.5.
atom  x y z B( A2)
O l 0.6411(2) 0.3039(1) 1.08085(9) 3.35(2)
0 2 0.7794(2) 0.4621(1) 1.04083(9) 3.76(3)
N1 0.7229(2) 0.1851(1) 0.5741(1) 3.90(3)
C l 0.7124(2) 0.3661(1) 1.0133(1) 2.85(3)
C2 0.7140(2) 0.3168(1) 0.8988(1) 2.72(3)
C3 0.6064(2) 0.2219(1) 0.8532(1) 2.99(3)
C4 0.6085(2) 0.1774(2) 0.7469(1) 3.18(3)
C5 0.7200(2) 0.2269(1) 0.6815(1) 2.96(3)
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Table 3A.5 C oat'd.
atom X y z B( A2)
C6 0.8271(2) 0.3229(2) 0.7269(1) 3.30(3)
C 7 0.8235(2) 0.3667(2) 0.8332(1) 3.11(3)
N2 0.6550(2) 0.4385(1) 1.2645(1) 3.45(3)
N3 0.7300(2) 0.5899(1) 1.3684(1) 3.70(3)
C8 0.7085(3) 0.5453(2) 1.2645(1) 3.59(3)
C9 0.6394(3) 0.4135(2) 1.3741(2) 4.14(4)
CIO 0.6867(3) 0.5074(2) 1.43826(1) 4.12(4)
H1N1 0.671(3) 0.105(2) 0.552(2) 6.5(6)‘
H2N1 0.817(3) 0.199(2) 0.557(2) 6.0(6)*
H3 0.526(2) 0.185(1) 0.897(1) 3.6(4)*
H4 0.530(2) 0.112(2) 0.713(1) 4.4(4)*
H6 0.906(2) 0.361(2) 0.680(1) 4.0(4)*
H 7 0.906(2) 0.434(2) 0.869(2) 4.3(4)*
H2N 0.635(3) 0.386(2) 1.199(2) 6.2(6)*
H3N 0.766(3) 0.668(2) 1.389(2) 7.3(6)*
H8 0.732(3) 0.581(2) 1.199(2) 5.3(5)*
H9 0.605(2) 0.337(2) 1.394(2) 4.9(5)*
H10 0.688(3) 0.522(2) 1.516(2) 5.7(5)*
‘Atoms refined isotropically.
The equivalent isotropic therm al param eter, for atoms refined 
anisotropically, is defined by the equation:
B(A2) = (8712/3)5^ Ujj a-a* a{ . a].
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Table 3A.6 Positional parameters with estimated standard
deviations for imidazolium salicylate, 3.6.
atom x y z B( A2)
O l 0.2149(2) 1.1713(1) 0.09437(2) 4.46(2)
0 2 0.1782(1) 1.2018(1) 0.16874(2) 3.60(2)
0 3 -0.0249(1) 1.0602(1) 0.20153(2) 3.68(2)
C l 0.0906(2) 1.0495(2) 0.09582(3) 3.04(2)
C2 0.0496(2) 0.9617(2) 0.06086(4) 3.80(3)
C3 -0.0728(2) 0.8365(2) 0.06097(4) 4.56(3)
C4 -0.1589(2) 0.7961(3) 0.09600(4) 5.22(4)
C5 -0.1216(2) 0.8828(2) 0.13063(4) 3.93(4)
C6 0.0037(2) 1.0097(2) 0.13159(3) 2.76(2)
C7 0.0526(2) 1.0948(2) 0.17000(3) 2.85(2)
N1 0.4015(2) 1.1059(2) 0.22717(3) 3.41(2)
N2 0.6240(2) 1.0300(2) 0.26076(3) 3.59(2)
C8 0.5716(2) 1.0981(2) 0.22668(3) 3.48(3)
C9 0.3436(2) 1.0395(2) 0.26296(4) 3.76(3)
CIO 0.4827(2) 0.9930(2) 0.28377(3) 3.95(3)
H lO H 0.229(2) 1.208(2) 0.1225(5) 4.7(4)*
H2 0.109(2) 0.997(2) 0.0366(3) 6.0(4)*
H3 -0.093(2) 0.777(2) 0.0368(3) 5.8(4)*
H4 -0.239(2) 0.700(3) 0.0988(4) 6.6(5)*
H5 -0.180(2) 0.860(2) 0.1585(3) 5.0(4)*
H1N 0.337(2) 1.145(2) 0.2068(3) 5.2(4)*
H2N 0.741(3) 1.018(3) 0.2710(4) 8.0(5)*
H8 0.632(2) 1.140(2) 0.2031(3) 5.3(4)*
H9 0.221(2) 1.034(2) 0.2710(3) 4.3(4)*
H10 0.488(2) 0.952(2) 0.3108(4) 5.4(4)*
Appendix 3A
Table 3A.6 Con^d.
‘Atoms refined isotropically.
The equivalent isotropic therm al param eter, for atoms refined 
anisotropically, is defined by the equation:
B(A2) = (8712/3)2^ Ujj a-a* ai • a].
Table 3A.7 Positional param eters w ith estim ated standard 
deviations for im idazolium  3-methoxysalicylate, 3.7.
atom  x y z B( A2)
O l -0.1021(1) 0.2808(1) 0.000 4.87(2)
0 2 0.0614(2) 0.4380(2) -0.03459(8) 3.63(2)
0 3 -1.0206(1) 0.1942(1) 0.07281(9) 4.57(2)
C l -0.6035(1) 0.5750(1) 0.0780(1) 2.69(2)
C2 -0.7142(1) 0.4757(1) 0.0793(1) 2.73(2)
C3 -0.7026(1) 0.4186(1) 0.2020(1) 3.15(2)
C4 -0.8045(1) 0.3261(1) 0.2035(1) 3.33(3)
C5 -0.9192(1) 0.2867(1) 0.0797(1) 3.27(3)
C6 -0.9335(2) 0.3436(2) -0.0435(1) 3.99(3)
C7 -0.8321(1) 0.4366(1) -0.0432(1) 3.65(3)
N1 -0.2353(1) -0.0599(1) 0.1525(1) 3.57(2)
N2 -0.4140(1) -0.1880(1) 0.0315(1) 3.26(3)
C8 -0.3187(1) -0.1583(1) 0.1588(1) 3.36(3)
C9 -0.2778(2) -0.0260(2) 0.0176(1) 4.07(3)
CIO -0.3894(2) -0.1065(1) -0.0576(1) 3.90(3)
H 30 -1.005(2) 0.164(2) 0.159(2) 5.3(4)*
H3 -0.619(2) 0.440(1) 0.291(2) 4.4(4)*
H4 -0.791(2) 0.286(2) 0.288(2) 4.6(3)*
H6 -1.018(2) 0.310(2) -0.133(2) 5.6(4)*
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Table 3A.7 Corn'd.
atom X y 2 B(A2)
H 7 -0.843(2) 0.479(1) -0.132(1) 3.8(3)*
H1N -0.153(2) -0.021(2) 0.226(2) 6.0(4)*
H2N -0.492(1) -0.252(1) 0.008(1) 5.0(4)*
H8 -0.315(2) -0.201(1) 0.244(1) 4.5(3)*
H9 -0.228(2) 0.039(1) -0.001(1) 4.2(3)*
H10 -0.449(2) -0.113(2) -0.159(1) 4.9(4)*
‘Atoms refined isotropically.
The equivalent isotropic therm al param eter, for atoms refined 
anisotropically, is defined by the equation:
B(A2) = (8712/3)2^ Ujj a ^ *  a! • ^
Table 3A.8 Positional param eters w ith estim ated standard 
deviations for im idazolium  4-methylsalicylate, 3.8.
atom  x y z B(A2)
O lA 0.6233(2) -0.2187(1) 0.30678(9) 4.96(3)
02A 0.4175(2) 0.0078(1) 0.33259(8) 4.06(3)
03A 0.8221(2) -0.2246(1) 0.1537(1) 5.76(3)
CIA 0.5428(2) -0.0776(2) 0.2808(1) 3.44(3)
C2A 0.5799(2) 0.0060(2) 0.1883(1) 3.37(3)
C3A 0.7170(2) -0.0728(2) 0.1286(1) 3.90(4)
C4A 0.7484(3) 0.0044(2) 0.0402(1) 4.35(4)
C5A 0.6468(2) 0.1584(2) 0.0093(1) 4.13(4)
C6A 0.5119(3) 0.2371(2) 0.0691(1) 4.40(4)
C7A 0.4796(2) 0.1622(2) 0.1569(1) 3.90(4)
C8A 0.6813(3) 0.2402(2) -0.0869(1) 5.53(5)
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Table 3A.8 Corn'd.
atom x y z B( A2)
OIB 0.1783(2) 0.0659(1) 0.52544(8) 3.90(2)
0 2 8 0.3398(2) -0.1654(1) 0.48423(7) 3.52(2)
03B -0.0176(2) 0.0736(1) 0.67543(9) 4.32(3)
C1B 0.2424(2) -0.0830(2) 0.5425(1) 2.92(3)
C2B 0.2002(2) -0.1647(2) 0.6354(1) 2.73(3)
C3B 0.0699(2) -0.0826(2) 0.6966(1) 3.04(3)
C4B 0.0284(2) 0.0284(2) -0.1623(2) 3.45(3)
C5B 0.1202(2) -0.3193(2) 0.8113(1) 3.47(3)
C6B 0.2555(2) -0.4000(2) 0.7521(1) 3.48(3)
C7B 0.2927(2) -0.3238(2) 0.6655(1) 3.04(3)
C8B 0.0751(3) -0.4024(2) 0.9050(1) 4.99(4)
N il 0.2175(2) 0.3427(1) 0.4372(1) 3.79(3)
N2I 0.2517(2) 0.5745(1) 0.4361(1) 3.55(3)
C1I 0.2635(2) 0.4350(2) 0.4885(1) 3.72(3)
C2I 0.1746(3) 0.4240(2) 0.3497(1) 4.05(4)
C3I 0.1964(3) 0.5696(2) 0.3489(1) 3.88(4)
H 20A 0.394(3) -0.065(2) 0.393(1) 8.0(7)*
H 30A 0.767(3) -0.249(2) 0.220(2) 7.7(6)*
H4A 0.840(3) -0.051(2) 0.002(1) 5.6(5)*
H6A 0.442(3) 0.345(2) 0.048(1) 5.4(5)*
H7A 0.390(2) 0.215(2) 0.196(1) 4.5(4)*
H30B 0.053(3) 0.100(2) 0.614(1) 6.3(5)*
H4B -0.068(3) -0.103(2) 0.819(1) 5.2(5)*
H6B 0.323(2) -0.506(2) 0.770(1) 4.7(4)*
H7B 0.391(2) -0.379(2) 0.625(1) 2.8(3)*
H1NI 0.213(3) 0.223(2) 0.457(1) 7.6(6)*
H2NI 0.281(3) 0.658(2) 0.456(1) 5.5(5)*
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Table 3A.8 C onfd.
atom X y z B( A2)
H1I 0.299(3) 0.411(2) 0.557(1) 6.6(5)*
H2I 0.134(3) 0.380(2) 0.303(1) 5.8(5)*
H3I 0.192(3) 0.658(2) 0.301(1) 5.4(5)*
H81A 0.6921 0.1695 -0.1304 7*
H81B 0.1813 -0.4255 0.9447 6*
H82A 0.7956 0.2711 -0.0873 7*
H83A 0.5777 0.3313 -0.1032 7’
H82B 0.0480 -0.4982 0.8978 6*
H83B -0.0324 -0.3357 0.9317 6*
‘Atoms refined isotropically.
The equivalent isotropic therm al param eter, for atom s refined 
anisotropically, is defined by the equation:
B(A2) = (8jc2/3)Zj3 Ujj a-a* a, • aj.
Table 3A.9 Positional param eters w ith estim ated standard 
deviations for im idazolium  2,6-dihydroxybenzoate, 3.9.
atom x y z B( A2)
O lA 0.6233(2) -0.2187(1) 0.30678(9) 4.96(3)
O l 0.7551(1) 0.17342(6) 0.16891(8) 3.93(2)
0 2 0.6365(1) 0.13197(6) -0.04931(8) 4.22(2)
0 3 0.6568(1) -0.03413(7) -0.13737(8) 4.55(2)
0 4 0.9623(1) 0.05751(7) 0.3148(1) 4.87(2)
N1 0.5359(1) 0.32070(7) 0.0765(1) 3.72(2)
N2 0.3788(1) 0.39760(7) -0.0894(1) 4.20(2)
C l 0.7267(1) 0.11264(8) 0.0679(1) 3.19(2)
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Table 3A.9 Corn'd.
174
atom X y z B( A2)
C2 0.8031(1) 0.01489(7) 0.0886(1) 2.98(2)
C3 0.7639(1) -0.05590(8) -0.0171(1) 3.47(2)
C4 0.8342(2) -0.14735(9) 0.0009(2) 4.69(3)
C5 0.9450(2) -0.1681(1) 0.1233(2) 5.29(3)
C6 0.9890(2) -0.1003(1) 0.2281(2) 4.84(3)
C7 0.9183(1) -0.00889(9) 0.2110(1) 3.60(2)
C9 0.5137(2) 0.34022(9) -0.0606(1) 4.30(2)
CIO 0.3112(2) 0.41460(9) 0.0337(1) 3.97(2)
C ll 0.4096(2) 0.36615(8) 0.1376(1) 3.64(2)
H 30 0.635(2) 0.043(1) -0.124(2) 7.3(5)*
H 40 0.877(2) 0.116(1) 0.282(2) 6.8(4)*
H4 0.803(2) -0.194(1) -0.067(2) 6.9(4)*
H5 0.985(2) -0.234(1) 0.132(2) 7.2(4)*
H6 1.072(2) -0.114(1) 0.318(2) 6.6(4)*
H1N 0.631(2) 0.272(1) 0.119(2) 6.4(4)*
H2N 0.337(2) 0.419(1) -0.185(2) 7.2(4)*
H9 0.592(2) 0.318(1) -0.121(2) 5.9(4)*
H10 0.211(2) 0.4582(9) 0.039(1) 4.6(3)*
H ll 0.389(2) 0.359(1) 0.241(2) 5.6(4)*
‘Atoms refined isotropically.
The equivalent isotropic therm al param eter, for atoms refined 
anisotropically, is defined by the equation:
B(A2) = (87c2/3)Z j^  Ujj a*a* % • a,.
A p p e n d ix  3B
MOLECULAR MECHANICS CALCULATED 
POSITIONAL PARAMETERS
Table 3B.1 MMX calculated atomic coordinates (A) for 
m odel of the tetrahedral interm ediate (see Figure 3.19).
atom X y 2
N1 -.95414 .26515 -1.06206
C2 .00000 .00000 .00000
0 3 1.22592 -.30908 -.69013
0 4 .07310 1.07835 .94581
C5 -.48068 -1.23812 .79160
H6 -1.00028 -.53739 -1.67967
H7 -.60751 1.02471 -1.63623
C8 .63364 2.27979 .42776
C9 -3.58804 .91636 .47525
N10 -4.71537 1.65759 .25772
C ll -4.34893 2.90444 .68760
C12 -3.08928 2.94963 1.14076
N13 -2.60778 1.68895 1.00905
H14 -1.71585 1.39688 1.21610
H15 -5.55163 1.35266 -.11254
H21 .24327 -1.52974 1.58867
H22 -.64849 -2.12714 .13866
H23 -1.44808 -1.03154 1.30365
H24 .53633 3.06292 1.21600
H25 .07308 2.62539 -.47159
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T able 3B.1 C ant'd.
atom X y 2
H26 1.71841 2.15078 .20506
H27 -3.51273 -.15710 .23787
H28 -5.03339 3.76785 .65303
H29 -2.54603 3.82388 1.53617
A p p e n d ix  4A
MOLECULAR MECHANICS CALCULATED 
POSITIONAL PARAMETERS
T able 4A.1 MMX calculated atomic coordinates (A) of 
the syn m odel (see Figure 4.4).
atom X y 2
C l 3.26979 -1.20128 -.08269
C2 2.56546 .01264 -.00855
C3 3.27658 1.22575 .04885
C4 4.68395 1.22091 .03510
C5 5.38114 .00475 -.03810
C6 4.67363 -1.20592 -.09720
C7 .00000 .00000 .00000
C8 1.20084 .00000 .00000
C9 -2.13541 1.11063 -.05483
CIO -1.36357 -.07040 -.01653
C ll -1.95687 -1.34424 .00271
C12 -3.35203 -1.47563 -.01666
C13 -4.14288 -.31991 -.05705
C14 -3.53706 .94618 -.07597
C15 2.55148 2.45919 .12212
016 1.77039 2.70480 1.08301
017 2.74275 3.25647 -.83004
018 -1.51879 2.33568 -.06976
C19 -2.23402 3.55634 -.09797
C20 -1.34187 4.75754 -.01658
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Table 4A.1 Cant'd.
atom X y z
N21 -1.64071 5.98042 -.23014
C22 -.61375 6.71036 -.03670
C23 .46126 5.89946 .34745
N24 -.03195 4.63489 .35101
H25 .45229 3.83070 .55563
C26 -.45436 8.09597 -.14736
C27 1.72494 6.41876 .63677
C28 1.88749 7.81127 .52447
C29 .81319 8.63688 .13783
H30 2.71950 -2.15257 -.12961
H31 5.23979 2.16900 .08162
H32 6.48108 .00046 -.04915
H33 5.21973 -2.15904 -.15494
H34 -1.32517 -2.24424 .03313
H35 -3.81947 -2.47124 -.00041
H36 -5.23933 -.40657 -.07390
H37 -4.18093 1.83746 -.10841
H40 -2.96829 3.54960 .73459
H41 -2.84812 3.57940 -1.02246
H43 -1.29589 8.73743 -.44796
H44 2.55365 5.76159 .93905
H45 2.86771 8.26056 .74189
H46 .96682 9.72311 .05718
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Table 4A.2 MMX calculated atomic coordinates (A) of
the anti model (see Figure 4.5).
atom X y 2
C l -2.89982 3.84158 .10297
C2 -4.06032 3.10687 -.18285
C3 -4.01239 1.70614 -.18157
C4 -2.80601 1.05078 .10544
C5 -1.62995 1.76850 .39533
C6 -1.68989 3.17867 .38951
0 7 -.45085 1.14864 .68525
C8 .00000 .00000 .00000
C9 1.49649 .00000 .00000
N10 2.17618 1.17278 .18859
N il 2.30381 -.97127 -.18164
C12 3.50273 -.54378 -.11530
C13 3.49012 .83727 .12433
C14 4.66391 1.58430 .24515
C15 5.88138 .89126 .11701
C16 5.90513 -.49652 -.12419
C17 4.71282 -1.23385 -.24433
H18 1.79383 2.04595 .31657
C19 -.47999 3.90350 .68246
020 .63469 3.55137 .19590
021 -.58735 4.89463 1.44848
H22 -2.95735 4.94308 .09025
H23 -5.00538 3.62883 -.40852
H24 -4.92110 1.12206 -.40437
H25 -2.78860 • -.05121 .10781
H27 -.35772 .03402 -1.05535
H28 -.40216 -.89961 .52307
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Table 4A.2 Con^d.
atom X V z
H30 4.62815 2.67014 .43258
H31 6.83099 1.44519 .20630
H32 6.87399 -1.01479 -.22104
H33 4.72331 -2.31971 -.43331
Table 4A.3 MMX calculated atomic coordinates (A) of 
the zw itterionic interm ediate, 4.15 (see Figure 4.11).
atom X y z
C l -.02731 2.89665 .39576
C2 -.76809 3.35302 1.47687
C3 -1.88148 2.61285 1.93358
C4 -2.25753 1,44461 1.27098
C5 -1.53552 .97755 .15629
C6 -.35687 1.67737 -.25262
C7 .51113 1.18692 -1.32883
0 8 .68422 -.01927 -1.49296
0 9 1.14730 2.07469 -2.12497
CIO 2.01253 1.70762 -3.18106
O il -1.97085 -.12406 -.51932
C12 -2.49762 -1.23963 .11516
C13 -1.30464 -1.97000 .58902
N14 -.79494 -2.93222 -.12389
N15 -.67372 -1.52008 1.75069
C16 .62293 -2.02797 2.17491
H17 -1.07941 -.79549 2.23527
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Table 4A.3 Cant'd.
atom X y z
C18 1.71946 -1.61583 1.18172
N19 1.40251 -2.11978 -.18076
H20 2.19684 -2.42926 -.64432
H21 .74645 -2.84712 -.10101
H22 -1.25158 -3.23749 -.97263
H23 .96982 -1.40710 -.69172
H24 .83536 3.49389 .05617
H25 -.49154 4.29535 1.97910
H26 -2.45613 2.96406 2.80718
H27 -3.13980 .89035 1.63173
H31 2.38966 2.63936 -3.66179
H32 1.44061 1.10580 -3.92435
H33 2.86776 1.12851 -2.76267
H35 -3.55600 -1.52360 .21952
H37 .84603 -1.61537 3.18643
H38 .57465 -3.13804 2.27175
H39 2.70555 -2.02566 1.50059
H40 1.80396 -.50501 1.14440
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X-RAY DIFFRACTION ANALYSIS
4B.1 CRYSTALLOGRAPHIC DATA 
2-carboxvphenoxv-(N)-2-dimethoxvethvIacetamidine, 4.4.
C13H18N20 5/ Mr = 282.3 g /m ol, prepared by slow evaporation from 
acetonitrile containing a trace of diethylether. Monoclinic, space group 
FZl /c, colorless crystal, size 0.20 x 0.20 x 0.28 mm: a = 11.626(2), b = 
10.4791 (9), c = 12.6161(10) A; p = 115.83 (1)°; V = 1383.5(6) A3' Z = 4, Dx 
= 1.355 g cm'3; A.(Cu Ka) = 1.54184 A, = 8.39 cm T = 296 K; R =
0.049 for 2019 observations (of 2848 unique data).
2-(2-imidazolidin-2-vlidene)-3-benzofuranone. 4.13.
Cn H 10N2O2, M r = 202.2 g /m ol, precipitated from a methanolic solution 
saturated w ith distilled water. Monoclinic, space group P 2!/n , 
yellow /green crystal, size 0.28 x 0.43 x 0.55 mm: a = 6.355 (2), b = 
21.048(5), c = 7.4789(13) A; p = 110.38(2)°; V = 937.8(8) A3' Z = 4, Dx = 
1.432 g cm '3; MCu Ka) = 1.54184 A, = 7.9 cm *, T = 293 K; R = 0.037 
for 1817 observations (of 1913 unique data).
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4B.2 TABLES OF POSITIONAL PARAMETERS
Table 4B.1 Positional Parameters with Estimated Standard
Deviations for 4.4.
atom  x  y z B(A2)
O l 0.1895(1) 0.5912(2) 0.6862(1) 3.71(4)
0 2 0.3460(2) 0.4943(2) 0.8352(1) 4.30(4)
0 3 0.4753(1) 0.3572(2) 0.7357(1) 3.81(4)
0 4 0.6717(2) 0.0792(2) 1.1119(2) 5.33(5)
0 5 0.8759(2) 0.0814(2) 1.2615(2) 6.12(6)
N1 0.5879(2) 0.3645(2) 0.9624(1) 3.74(4)
N2 0.7530(2) 0.2316(2) 0.9717(1) 3.52(4)
C l 0.2645(2) 0.4999(2) 0.7303(2) 3.13(4)
C2 0.2528(2) 0.3890(2) 0.6494(2) 3.00(4)
C3 0.1324(2) 0.3570(3) 0.5612(2) 3.71(5)
C4 0.1147(2) 0.2567(3) 0.4856(2) 4.59(6)
C5 0.2191(3) 0.1861(3) 0.4941(2) 4.86(7)
C6 0.3407(2) 0.2168(3) 0.5783(2) 4.18(6)
C 7 0.3562(2) 0.3168(2) 0.6553(2) 3.21(5)
C8 0.5747(2) . 0.2660(3) 0.7842(2) 3.65(5)
C9 0.6431(2) 0.2904(2) 0.9152(2) 3.14(5)
CIO 0.8234(2) 0.2176(3) 1.1002(2) 3.89(6)
C ll 0.8013(2) 0.0874(3) 1.1402(2) 4.04(6)
C12 0.6341(3) -0.0435(3) 1.1338(3) 7.6(1)
C13 0.9497(3) -0.0306(3) 1.3026(3) 7.5(1)
H1N1 0.618(2) 0.394(3) 1.041(2) 6.3(7)*
H2N1 0.508(2) 0.396(2) 0.912(2) 4.6(6)*
H2N 0.789(2) 0.191(2) 0.929(2) 5.1(6)*
H3 0.0602 0.4063 0.5531 4*
H4 0.0310 0.2358 0.4275 5*
H5 0.2080 0.1167 0.4420 6*
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Table 4B.1 C ant'd .
atom X y z B( A2)
H6 0.4126 0.1692 0.5834 5‘
H81 0.6328 0.2754 0.7500 4*
H82 0.5405 0.1822 0.7700 4*
‘Atoms refined isotropically.
The equivalent isotropic therm al param eter, for atoms refined 
anisotropically, is defined by the equation:
B(A2) = (8n2/3)Zfl Uij a fa f a{ • aj.
Table 4B.1 Positional Param eters w ith Estimated Standard 
Deviations for 4.13.
atom X y 2 B( A2)
O l 0.7503(1) -0.09897(4) 0.9281(1) 3.14(1)
0 2 1.1287(1) -0.04834(4) 0.6994(1) 3.71(2)
N1 0.7850(1) 0.04590(4) 0.6699(1) 3.44(2)
N2 0.5264(1) 0.02108(5) 0.7910(1) 3.29(2)
C l 0.9006(2) -0.14816(5) 0.9647(1) 2.87(2)
C2 0.8916(2) -0.20246(6) 1.0671(2) 3.62(2)
C3 1.0587(2) -0.24714(6) 1.0880(2) 3.99(3)
C4 1.2271(2) -0.23791(6) 1.0111(2) 4.15(3)
C5 1.2339(2) -0.18338(6) 0.9096(2) 3.60(2)
C6 1.0665(2) -0.13793(5) 0.8864(1) 2.81(2)
C7 1.0207(2) -0.07617(5) 0.7914(1) 2.75(2)
C8 0.8276(2) -0.05512(5) 0.8225(1) 2.76(2)
C9 0.7125(2) 0.00217(5) 0.7631(1) 2.64(2)
CIO 0.6283(2) 0.09837(5) 0.6090(2) 3.26(2)
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Table 4B.1 C onfd.
atom X y z B( A2)
C ll 0.4460(2) 0.08101(6) 0.6909(2) 3.41(2)
H1N 0.892(2) 0.0381(8) 0.621(2) 5.8(4)
H2N 0.424(2) -0.0088(8) 0.803(2) 5.5(4)
H2 0.772(2) -0.2099(7) 1.121(2) 4.4(3)
H3 1.056(2) -0.2851(7) 1.163(2) 5.0(3)
H4 1.338(2) -0.2717(8) 1.026(2) 5.5(3)
H5 1.355(2) -0.1757(6) 0.857(2) 3.4(3)
H101 0.574(2) 0.1034(7) 0.471(2) 4.9(3)
H I 02 0.709(2) 0.1397(7) 0.672(2) 4.4(3)
H i l l 0.426(2) 0.1109(8) 0.782(2) 5.0(3)
H112 0.298(2) 0.0759(7) 0.589(2) 4.0(3)
The equivalent isotropic thermal parameter, for atoms refined 
anisotropically, is defined by the equation:
B(A2) = <8n2/3)Efl Ui} aL‘af ^  • a,.
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4C2 MANUSCRIPT
(Reprinted with permission from J. Am . Chem. Soc. 1990 112, 7816-7817) 
(Copyright 1990 American Chemical Society)
A Structural Model of a Short Carboxyl-Imidazole 
Hydrogen Bond with a Nearly Centrally Located Proton: 
Implications for the Asp-His Dyad in Serine Proteases.
Richard D. Gandour*, Nabeel A. R. Nabulsi, and Frank R. Fronczek
Department of Chemistry, Louisiana State University  
Baton Rouge, Louisiana 70803-1804
Abstract: The crystal structure of (2-benzimidazolylmethoxy)benzoic acid 
hemihydrate has two short, linear intermolecular hydrogen bonds between 
carboxyl and benzimidazolyl. These hydrogen bonds have O -N  distances 
2.590(2) A and 2.594(2) A, and have the bridging proton located only slightly 
nearer the carboxylate (1.17(2) A) than the benzimidazolyl (1.42(2) A). This 
result suggests that the environment in the crystal increases the basicity of 
carboxylate near that of benzimidazolyl. The implication for the catalytic 
mechanism of serine proteases is that under the appropriate conditions the 
charge-relay mechanism will operate either by formation of a strong, short 
catalytic hydrogen bond or by proton transfer.
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The cornerstone of the hypothesis1 on the orientation of carboxylate in 
general base catalysis is that there is more electron density in the syn 
direction than in either anti.2 Consequently, when carboxylate hydrogen 
bonds to an ad d  with a pfC8 comparable to carboxyl, the position of the 
proton should depend on the directionality of the hydrogen bond to 
carboxylate.3 If anti, the proton will be closer to the weak base; if syn, 
doser to the carboxylate. As ApfCa between donor and acceptor approaches 
zero, the hydrogen bond becomes equidistant and the distance between the 
heavy atoms decreases.4
Single crystal X-ray analysis of small-molecule models of biomolecular 
hydrogen bonds reveals structural trends5,6 that parallel the trends in 
proteins.7,8 The hundredfold improvement in resolution in the smaller 
structures enables a more precise picture of these trends.
In the crystal structure of 4C.2 • ^  H20  (see Figure 4C.1), two 
crystallographically independent molecules form intermolecular hydrogen 
bonds between carboxyl and benzimidazolyl as chains along the direction of 
the c-axis.9 The two hydrogen bonds are independent measures of the same 
interaction (Table 4C.1). The resulting O -N  contacts are shorter than the
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Figure 4C.1. Stereoview of the packing diagram of 2-(2-benzimidazolyl-methyl)benzoic add.
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mean Q—N distances of imidazolium-carboxylate couples.10 A water bridges 
the two molecules by hydrogen bonding to the carboxyls, with 0 - 0  
distances 2.756(3) A and 2.793(3) A.
Table 4C.1. Hydrogen Bonding Parameters3
Atoms O -N , A O-H, A O -H -N ,0
02A-N1B 2.590(2) 1.18(3) 175(3)
02B-N1A 2.594(2) 1.16(2) 177(2)
mean 2.592(2) 1.17(2) 176(2)
aStandard deviations are in parentheses.
The strong mtermolecular hydrogen bonding between a syn-oriented 
carboxyl and a benzimidazolyl, rather than anti-oriented intramolecular 
hydrogen bonding emphasizes the importance of orientation. Hydrogen 
bonds between carboxyl and imidazole in small molecules11 and in proteins8 
strongly prefer the syn orientation. In this crystal structure, the preference 
for syn versus anti dominates over any preference for intramolecular versus 
int ermolecular.
The central location of the proton in the hydrogen bond suggests nearly 
equivalent p K Syn-anti directionality and microenviron: ental electrostatics 
control carboxylate basicity. In water, benzimidazole is a stronger base than 
carboxylate.12'13'14'15,16 The pKa of carboxyl increases in less aqueous solvents, 
and exceeds that of imidazolium.17'18 In anhydrous environments, the
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Asp-His dyad will favor the neutral form rather than the zwitterionic. This 
point is illustrated by the crystal structure of a carboxylic acid-imidazole 
clathrate, which favors the zwitterion when hydrated and the neutral form 
when anhydrous.19 The zwitterionic dyad has an anti-oriented carboxylate, 
but the neutral form has a syn-oriented carboxyl.
These results inform the controversy about charge-relay catalysis in 
serine proteases. Structural studies on these enzymes20,21'22 suggest a 
zwitterionic dyad with a syn-oriented carboxylate. Most believe that the 
proton does not transfer from imidazolium to carboxylate and the dyad 
remains zwitterionic. Warshel et a lP  propose that an ionized Asp 
electrostatically stabilizes the transition state. The pKa of His increases 
during the enzymatic reaction,24 and a proximal carboxylate increases the 
basicity of imidazole.25
Proton-inventory studies suggest two-proton catalysis for hydrolysis of 
natural substrates.26,27,28 Schowen29 questions the use of equilibrium data20' 
22 as evidence for a zwitterion in the transition state. Substrate binding may 
change the protein microenvironment to favor repositioning or transfer of the 
proton in the dyad.28
The crystal structure of a nearly centrally located proton in a carboxyl- 
imidazole hydrogen bond suggests that a similar structure can exist in a 
transition state. Repositioning of the proton in a broad single-potential 
well30 would produce a curved proton inventory just as proton transfer 
would.31 The dyad remains zwitterionic, but at the transition state the O- N
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distance shortens and the proton moves to center. Proton transfer is not 
required for catalysis; strong hydrogen bonding will suffice.32 This catalytic 
hydrogen-bonding mechanism reconciles the kinetic, structural and 
computational results presented to date.
A cknow ledgem ent We thank the NIH for their support of this work 
through grant GM-35815 as well as the referees and the associate editor 
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Supplem entary Material Available: Tables of atomic coordinates for 4C.2 • 
*4 I^ O , bond distances, and bond angles and ORTEP drawings of molecules 
A and B (8 pages). Ordering information is given on any current masthead 
page.
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The first Benzimidazolium Salicylate Derivatives. 
2-(2-Carbomethoxy)phenoxymethylbenzimidazole 
and 
2-(2-Carboxy)phenoxymethylbenzimidazolium chloride.*
By Nabeel A.R. Nabulsi, Frank R. Fronczek and Richard D. Gandour
Department of Chemistry, Louisiana State University,
Baton Rouge, LA 70803-1804, USA
Abstract. 2-(2-Carbomethoxy)phenoxymethylbenzimidazole, 4.7, C16H14N203, 
Mr = 282.3, obtained by recrystallization in cyclohexane. (Nabulsi & 
Gandour, 1990). Crystal size 0.25 0.35 0.62 mm, monoclinic, P2 l /c , a = 
16.923(1), b = 8.255(1), c = 10.163(2) A, p = 90.216(8)°, V  = 1419.8(6) A3, Z 
= 4/ Pealed = 1-321 g-cm'3, X(Cu Ka) = 1.54184 A, [L = 7.23 cm’1, F(000) = 592, 
T = 297 K. Non-hydrogen atoms refined anisotropically. Final R = 0.066 for 
2347 observations (of 2936 unique data), wR = 0.095, S = 5.01 for 191 
variables.
♦To be submitted to Acta Crystallogr., Sect. C.
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2-(2-Carboxy)phenoxymethylbenzimidazolium chloride, 4.2-HC1, 
C15H13C1N203, colorless crystals, obtained from a THF solution during 
preparation by diffusing anhydrous HC1 into a solution of the basic form of 
2 in anhydrous THF. Crystal size 0.18 0.30 0.33 mm, M r = 304.7,
orthorhombic, P212121, a = 6.9133(5), b = 13.5248(13), c = 15.3958(13) A, V  = 
1439.5(4) A3, Z = 4, pcalcd = 1.406 g-cm'3, X(Cu Ka) = 1.54184 A, (I = 24.76 
cm'1, F(000) = 632, T = 296 K. Non-hydrogen atoms refined anisotropically; 
OH & NH hydrogen atoms located by AF synthesis and refined isotropically. 
Final R = 0.039 for 1530 observations (of 1714 unique data), wR = 0.047, S 
= 2.173 for 203 variables. Enantiomorphous structure yields R = 0.044, wR 
= 0.053, S = 2.451.
Experimental. Three dimensional intensity data for both derivatives 
collected on Enraf-Nonius CAD-4 diffractometer, Cu Ka radiation, graphite 
monochromator, co-20 scans designed for I = 50a(i), subject to max. scan time 
= 120 s for 4.7, 90 s for 4.2-HC1, scan rates varied 0.53-3.30 and 0.92-3.30° 
min'1 for 4.7 and 4.2-HC1 respectively. Structures solved by direct methods, 
using MULTAN (Main, Fiske, Hull, Lessinger, Germain, Declercq & 
Woolfson, 1982), refined by full-matrix least squares based upon F with
4.7 H 4.2 -HC1 H
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weights w  = 4F02[o2(I) + (0.02F02)2]-1 using Enraf-Nonius SDP/VAX (Frenz & 
Okaya, 1980), scattering factors of Cromer and Waber (1974), anomalous 
coefficients of Cromer (1974).
Discussion. Positional coordinates1* are given in Tables 4D.1 and 4D.3; 
bond distances, angles and hydrogen-bond parameters are given in Tables 
4D.2 and 4D.4. Both molecules are illustrated in Figures 4D.1 and 4D.2. Each
Figure 4D.1 Stereoview for the X-ray structure of 
4.7.
& ©
Figure 4D.2 Stereoview for the X-ray structure of 
4.2-HC1.
t a b l e s  of H  atom coordinates, anisotropic thermal parameters and 
structure-factor amplitudes have been deposited with the British Library 
Lending Division as Supplementary Publication No. 00000 (00 pp.). Copies 
may be obtained through The Executive Secretary, International Union of 
Crystallography, 5 Abbey Square, Chester CHI 2HU, England.
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molecule of 4.7 is connected to two neighbors through a hydrogen bonding 
distance of 2.905(2) A between N (l) and N(2), generated by a twofold screw 
axis along the x-axis. The ester group in 4.7 is planar with the phenyl ring, 
Z 0 1 0 C 2 C 7  = -7.0(5)°, and adopts the usual and thermodynamically syn- 
planar conformation (Leiserowitz, 1976; Wiberg, Laidig, 1987) with the 
methyl hydrogens staggered with respect to the carbonyl group. The phenyl 
ring and the benzimidazolyl moiety in 4.7 are not planar, the angle between 
both planes is 131°.
There appears to be no crystallographic disorder involving the carboxy 
group of 4.2*HC1 (Dieterich, Paul & Curtin, 1974). The two carbon-oxygen 
bond lengths in the carboxyl are significantly different, 1.195(3) and 1.328(3) 
A. The carboxyl group in 4.2*HC1 adopts the usual and the 
thermodynamically stable si/tt-planar conformation (Leiserowitz, 1976; 
Gandour, 1981), but is not planar with the phenyl ring, Z01C1C2C7 = - 
36.7(5)°. The phenyl ring and the benzimidazolyl also are non-planar in 2, 
the angle between their planes is 114.9(9)°.
Related literature. Crystal structures of 2-(2-Carboxy)phenoxymethyl- 
benzimidazole: Gandour, Nabulsi & Fronczek (1990), Benzimidazole: Dik- 
Edixhoven, Schenk & van der Meer (1973), Escande & Galigne (1974), 2- 
Ethylbenzimidazole: Hsu, Litt, & Chen (1975), 5,6-Dimethyl-benzimidazole: 
Young & Scheidt (1986).
Support for this work was provided by grant GM35815 from the
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Table 4D.1 Coordinates and Equivalent Isotropic Thermal Parameters
for 4.7.
Atom X y z Beq (A2)
O l 0.8613(2) 0.1951(3) 0.5006(3) 11.01(7)
0 2 0.9248(2) 0.0466(3) 0.6405(2) 10.38(7)
0 3 0.7683(1) 0.0372(2) 0.3367(2) 7.99(5)
N1 0.6624(1) 0.2867(3) 0.1206(2) 4.74(4)
N2 0.6609(1) 0.2836(2) 0.3405(2) 4.32(4)
C l 0.8784(2) 0.0646(4) 0.5376(3) 6.11(6)
C2 0.8543(1) -0.0937(3) 0.4808(2) 5.26(5)
C3 0.8872(2) -0.2365(4) 0.5276(3) 7.01(7)
C4 0.8672(2) -0.3849(4) 0.4794(3) 7.76(8)
C5 0.8125(2) -0.3955(4) 0.3777(3) 6.99(7)
C6 0.7788(2) -0.2549(3) 0.3276(3) 6.32(7)
C7 0.7990(1) -0.1055(3) 0.3791(2) 5.35(5)
C8 0.7183(2) 0.0439(4) 0.2304(2) 6.15(6)
C9 0.6822(1) 0.2073(3) 0.2286(2) 4.38(5)
CIO 0.6244(1) 0.4253(3) 0.1662(2) 4.07(4)
C ll 0.5895(1) 0.5525(3) 0.0969(2) 5.45(6)
C12 0.5521(2) 0.6711(3) 0.1681(3) 5.67(6)
C13 0.5500(1) 0.6677(3) 0.3050(3) 5.61(6)
C14 0.5857(1) 0.5441(3) 0.3754(2) 4.91(5)
C15 0.6228(1) 0.4244(3) 0.3038(2) 3.86(4)
C16 0.9491(3) 0.1910(6) 0.7094(4) 11.4(1)
B e q  -
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Table 4D.2 Bond Distances (A), Angles (°) and Hydrogen-Bond Parameters 
for 4.7.
Distances
O l Cl 1.177(2) C3 C4 1.361(2)
0 2 C l 1.314(2) C4 C5 1.387(2)
0 2 C16 1.441(2) C5 C6 1.389(2)
0 3 C7 1.357(1) C6 C7 1.382(2)
0 3 C8 1.372(1) C8 C9 1.481(2)
N1 C9 1.320(1) CIO C ll 1.395(2)
N1 CIO 1.392(1) CIO C15 1.398(1)
N2 C9 1.350(1) C ll C12 1.374(2)
N2 C15 1.380(1) C12 C13 1.392(2)
C l C2 1.486(2) C13 C14 1.384(2)
C2 C3 1.387(2) C14 C15 1.380(1)
C2 C7 1.395(2)
C l 0 2 C16
Angles
117.4(1) 0 3 C7 C2 115.4(1)
C7 0 3 C8 121.3(1) 0 3 C7 C6 124.1(1)
C9 N1 CIO 104.30(8) C2 C7 C6 120.4(1)
C9 N2 C15 106.92(8) 03 C8 C9 107.5(1)
O l C l 0 2 120.3(2) N1 C9 N2 113.6(1)
O l C l C2 127.9(1) N1 C9 C8 124.47(9)
0 2 C l C2 111.9(1) N2 C9 C8 121.70(9)
C l C2 C3 120.3(1) N1 CIO C ll 130.21(9)
C l C2 C7 122.1(1) N1 CIO C15 109.85(9)
C3 C2 C7 117.5(1) C ll CIO C15 119.9(1)
C2 C3 C4 122.8(1) CIO C ll C12 117.8(1)
C3 C4 C5 119.3(1) C ll C12 C13 121.7(1)
C4 C5 C6 119.5(1) C12 C13 C14 121.3(1)
C5 C6 C7 120.4(1) C13 C14 C15 117.0(1)
N2 C15 CIO 105.29(8) CIO C15 C14 122.31(9)
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N2 C15 C14 132.35(9)
Intermolecular hydrogen bond 
N 2-N 1 (A) N2H—N1 (A) ZN2—H - N l  (°)
2.905(2) 1.99 162
Table 4D.3 Coordinates and Equivalent Isotropic Thermal Parameters 
for 4.2-HC1.
Atom   x_________ y________ z_________ (A2)
Cl -0.1430(1) 0.49961(6) 1.24057(5) 4.57(1)
O l 0.2221(4) 0.5955(2) 1.0905(1) 4.76(5)
0 2 0.1982(4) 0.6403(2) 1.2277(2) 6.24(6)
0 3 0.6111(3) 0.6028(1) 1.0541(2) 3.91(4)
N1 0.7543(4) 0.4207(2) 0.9207(2) 3.30(5)
N2 0.7704(4) 0.3984(2) 1.0600(1) 3.28(5)
C l 0.2817(5) 0.6433(2) 1.1501(2) 3.36(6)
C2 0.4475(5) 0.7126(2) 1.1462(2) 3.06(5)
C3 0.4395(5) 0.8024(2) 1.1912(2) 3.71(6)
C4 0.5860(6) 0.8715(2) 1.1842(2) 4.26(7)
C5 0.7444(6) 0.8504(2) 1.1339(2) 4.47(7)
C6 0.7594(5) 0.7608(2) 1.0888(2) 4.02(7)
C7 0.6107(5) 0.6926(2) 1.0956(2) 3.15(5)
C8 0.7836(5) 0.5741(2) 1.0116(2) 3.72(6)
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Atom X V z Beq (A2)
C9 0.7664(4) 0.4659(2) 0.9970(2) 3.06(5)
CIO 0.7503(4) 0.3188(2) 0.9343(2) 3.20(5)
C ll 0.7412(6) 0.2409(2) 0.8760(2) 4.18(7)
C12 0.7435(6) 0.1474(2) 0.9120(3) 4.80(8)
C13 0.7532(5) 0.1323(2) 1.0015(3) 4.52(7)
C14 0.7600(5) 0.2107(2) 1.0596(2) 4.06(7)
C15 0.7602(4) 0.3046(2) 1.0237(2) 3.10(5)
Beq = (8n2/3)Si2jUija > > i.aj
Table 4D.4 Bond Distances (A), Angles (°) and Hydrogen-Bond Parameters 
for 4.2-HQ.
Distances
O l C l 1.195(3) C2 C7 1.397(3)
0 2 C l 1.328(3) C3 C4 1.382(3)
0 2 H 20 1.03(3) C4 C5 1.371(4)
0 3 C7 1.373(2) C5 C6 1.400(3)
0 3 C8 1.414(3) C6 C7 1.385(3)
N1 C9 1.328(2) C8 C9 1.486(3)
N1 CIO 1.394(3) CIO C ll 1.385(3)
N1 HN1 1.07(4) CIO C15 1.391(3)
N2 C9 1.332(3) C ll C12 1.381(4)
N2 C15 1.388(3) C12 C13 1.395(4)
N2 H2N 0.86(3) C13 C14 1.387(3)
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C l C2 1.482(3) C14 C15 1.385(3)
C2 C3 1.400(3)
C l 0 2 H 20 103.0(1)
Angles
C2 C3 C4 121.3(3)
C7 0 3 C8 117.3(2) C3 C4 C5 119.2(2)
C9 N1 CIO 108.9(8) C4 C5 C6 121.3(2)
C9 N1 H1N 127.0(2) C5 C6 C7 118.9(3)
CIO N1 H1N 110.0(2) 0 3 C7 C2 115.6(1)
C9 N2 C15 109.4(2) 0 3 C 7 C6 123.6(2)
C9 N2 H2N 125.0(2) C2 C7 C6 120.8(1)
C15 N2 H2.N 125.0(2) 0 3 C8 C9 105.8(2)
O l C l 0 2 121.7(2) N1 C9 N2 109.2(2)
O l C l C2 125.3(2) N1 C9 C8 126.4(2)
0 2 C l C2 113.1(2) N2 C9 C8 124.3(2)
C l C2 C3 119.9(2) N1 CIO C ll 130.9(2)
C l C2 C7 121.7(2) N1 CIO C15 106.6(2)
C3 C2 C7 118.4(2) C ll CIO C15 122.5(2)
CIO C ll C12 115.8(2) N2 C15 CIO 105.9(2)
C ll C12 C13 122.1(2) N2 C15 C14 132.7(2)
C12 C13 C14 121.8(2) CIO C15 C14 121.4(2)
C13 C14 C15 116.4(2)
Intermolecular hydrogen bond
^ o n o r /  Accept
0(2)/C l 
N(1)/C1 
N(2)/C1
D  ...A*-^onor ■‘ Nice
3.037(2)
3.073(2)
3.156(2)
^ o n o r”^ ’' ‘ ^ c c ep t •^■^onor- ^ "  ’ ^ ccep t
2.04(3)
2.13(3)
2.35(3)
163(2)
146(3)
155(3)
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SUPPLEMENTARY MATERIAL
1. Coordinates and Isotropic Thermal Parameters for Hydrogen atoms for 4.7 
and 4.2'HCl.
2. Bond Distances (A), and Angles (°) involving Hydrogen atoms for 4.7 and 
4.2'HQ.
3. Table of Least-Square Planes for 4.7 and 4.2-HC1.
4. Anisotropic Thermal Parameters for 4.7 and 4.2-HQ.
5. Structure Factor Amplitudes (xlO) for 4.7 and 4.2-HC1.
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Electrostatic Effects on the Molecular 
Conformation of o-Carboxyphenoxyacetonitrile in the 
Crystalline State. A Molecular Mechanics and 
X-ray Investigation.*
By Nabeel A. R. Nabulsi, Frank R. Fronczek and Richard D. Gandour
Department of Chemistry, Louisiana State University, 
Baton Rouge, LA 70803-1804, USA
Abstract. C ^y N O ^  Mr = 177.2, monoclinic, P2x/c , a = 11.4921(7), b = 
9.2521(6), c = 7.8166(3) A, p = 103.086(4)°, V  = 809.4(9) A3, Z = 4,D X = 1.454 
g-cm'3, X(Cu Ka) = 1.54184 A, p = 8.93 cm’1, F(000) = 368, T = 296 K, R = 
0.050 for 1504 observations (of 1669 unique data). The molecule forms 
hydrogen-bonded centrosymmetric dimers with 0 - 0  distance 2.6424(8) A. 
The carboxy group is slightly rotated by 18.1(2)° with respect to the phenyl 
ring, but exhibits no crystallographic disorder. The bond length of the C=N 
group is 1.138(1) A. The acetonitrile side-chain adopts the gauche'
+To be submitted to /. Mol. Struct.
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conformation with respect to the aryl group. Molecular mechanics 
calculations predict that the anti conformer is lower in energy by 0.3 
kcal/mole, but the calculated molecular dipole moment for the gauchet 
conformer is lower than that of the anti.
Introduction. The title compound, 4.8, is a key intermediate in the 
preparation of benzimidazolium salicylate derivatives (Nabulsi & Gandour, 
1990; Nabulsi, Fronczek & Gandour, 1990; Gandour, Nabulsi & Fronczek, 
1990). The present investigation was undertaken to provide additional 
evidence for the molecular structure of 4.8, because its infrared spectrum 
shows no absorption band for the C=N group. We later became aware of
4.8
the fact that absence of C=N absorption is characteristic of a- 
alkoxyacetonitriles (Kitson & Griffith, 1952). Other investigators (Bellamy, 
1958; Jones & Orville-Thomas, 1964; Sterk & Junk, 1968; Ejmocki & Eckstein, 
1971) have also reported on this quenching effect.
Experimental. Colorless plates were grown in a 5mm nmr tube by slow 
evaporation from d3-CH3CN. Crystal size 0.18 x 0.45 x 0.48 mm, cell 
dimensions from setting angles of 25 reflections having 25<0<3O°. Data were
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collected on an Enraf-Nonius CAD-4 diffractometer. One quadrant of data 
having 2<0<75°, 0<h< 14°, 0<ft^ll°, -9<Z<9° was measured using graphite 
monochromated Cu Ka radiation, by to-20 scans designed for I = 50a(l), 
subject to max. scan time = 120 s. Scan rates varied 0.46-3.30°-min'1. Data 
reduction included corrections for background, Lorentz, polarization, and 
absorption. Standard reflections 300, 040, and 004 exhibited only random 
variations in intensity, and no decay correction was necessary. Absorption 
corrections were based on \j/ scans, and the minimum relative transmission 
coefficient was 85.94%. Equivalent okl and ok I data were averaged; Rint = 
0.014. Of 1669 unique data, 1504 had />3c(i) and were used in the 
refinement.
The space group was determined by systematic absences hOl with I odd 
and OkO with k odd. The structure was solved by direct methods using 
RANTAN  (Yao Jia-Xing, 1981) and refined by full-matrix least squares based 
upon F, with weights w = 4F02[o2(/) + (0.02Fo2)2]_1 using Enraf-Nonius 
SDP/VAX  (Frenz & Okaya, 1980), scattering factors of Cromer & Waber 
(1974), and anomalous coefficients of Cromer (1974). Non-hydrogen atoms 
were refined anisotropically; H atoms were located by AF synthesis and 
refined isotropically. Final R = 0.050, wR = 0.068, S = 4.194 for 147 
variables. Maximum shift 0.02a in the final cycle, max. residual density 0.19, 
min. -0.22 eA'3, extinction coefficient g  = 2.94(4) x 10‘5 where the correction 
factor (l+gIc)A was applied to Fc.
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Discussion. A stereoview illustration of 4.8 is depicted in Figure 4E.1. 
Fractional coordinates** are given in Table 4E.1. Bond distances, angles, 
selected torsion angles as well as hydrogen-bond parameters are given in 
Table 4E.2.
02
C4
C3
CO
.0 3
CS
CB
N1
Figure 4E.1 Stereoview for the X-ray structure of 4.8.
Jwtermolecular H-bonding
The carboxy group participates in a centrosymmetric (about v2 O l) 
hydrogen-bonded dimer. This hydrogen bonding motif is most commonly 
observed for carboxylic acids (Leiserowitz, 1976), where it utilizes the 
thermodynamically more basic syn lone pairs of the carboxy oxygens 
(Gandour, 1981). The 0 1 - 0 2  hydrogen bond distance is 2.644(8) A, with
**Tables of H-atom coordinates, distances and angles involving H 
atoms, least-squares planes, anisotropic thermal parameters and structure- 
factor amplitudes have been deposited with the British Library Lending 
Division as Supplementary Publication No. 00000 (00 pp.). Copies may be 
obtained through The Executive Secretary, International Union of 
Crystallography, 5 Abbey Square, Chester CHI 2HU, England.
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an H -O  distance of 1.75(3) A, and an O—H -O  angle of 172.2 (12)°. The 
length of the hydrogen bond is comparable to that found in o-anisic acid 
(2.631(1) A), (Parvez, 1987). It is also analogous to the 0 —0  distance in 
benzoic acid (2.633(3) A) (Bruno & Randaccio, 1980).
Geometry of the benzoate group
The phenyl-ring atoms are coplanar to within a maximum deviation of 
0.014(1) A, with C—C bond lengths varying from 1.379(1) to 1.408(1) A. 
The endocyclic C—C—C angles range from 118.7(6) to 121.4(7)°. The C 02 
group is somewhat rotated from the plane of the benzene ring, where 
torsion angle 01-C1-C2-C7 is -18.1(2)°, and the displacement of C l, O l and 
0 2  from the plane of the phenyl ring are 0.033(1), -0.272(1), and 0.433(1) A, 
respectively. The carboxy groups in benzoic acid (Bruno & Randaccio, 1980) 
and o-anisic acid (Parvez, 1987) are much more nearly coplanar with the 
benzene ring; the corresponding dihedral angles are 1.5(4)° and 5.9(2)° 
respectively.
The two C—O bond lengths of the carboxy group are significantly 
different; 1.2210(8) A for O l, and 1.3051(9) A for 02. As a result, there 
appears to be no crystallographic disorder of the carboxy group in the 
crystal of the type found in benzoic acid and o-anisic acid that would result 
in an interchange of C—OH and C = 0  sites. Sutton (1965) gives mean values 
of 1.312(5) and 1.233(5) A respectively. In benzoic acid (Bruno & Randaccio 
1980) and o-anisic acid (Parvez, 1987) the corresponding distances are
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1.263(3) and 1.275(4) A in the former, and 1.237(2) and 1.290(2) A in the 
latter. The C—C—O angles also are considerably different; 01-C1-C2 is 
125.02(6)° while 02-C1-C2 is 113.70(6)°. Based on the location and refinement 
of the carboxyl H atom, we conclude that 0 2  is the hydroxyl oxygen site.
Geometry of the C—O N  group
The distances associated with the cyano group, agree well with values 
reported by Rabinovich & Shakked (1978) in a survey of C—O N  geometry 
in aliphatic nitriles. These distances are summarized below:
The C—O N  angle is normal (Little, Pautler & Coppens, 1971; Mathews, 
Swanson, Mueller & Stucky, 1971). However the O N  bond is significantly 
below the accepted spectroscopic value (Britton, 1967) of 1.158 A. Duncan 
(1974) reported a O N  distance of 1.157(1) for methyl cyanide from 
vibrational data in the ground state. A slightly shorter O N  distance 
(1.153(2) A) has been reported for methyl cyanide from a study that 
combined microwave rotational constant data and electron diffraction data 
(Karakida, Fukuyama & Kuchitsu, 1974). Variations in the O N  bond length
this work Rabinovich et a/.(1978)
C -C N  (A) 
O N  (A) 
ZC-C-N (°)
1.473(1)
1.138(1)
178.23(8)
1.486(12)
1.139(10)
178(1)
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are common in X-ray studies, however the reasons for this irregularity are 
not altogether clear. Harel & Hirshfeld (1975) attributed C=N bond 
shortening largely to the neglect of internal vibrations. The same effect has 
also been attributed to the large thermal motion of the cyano group, the 
nitrogen in particular, and also to the high electron density between the 
triple-bonded atoms (Little, Pautler & Coppens, 1971; Mathews, Swanson, 
Mueller & Stucky, 1971).
ArO—CHoC=N conformation
The acetonitrile side-chain in 4.8 adopts the gauche conformation, the 
C7-03-C8-C9 torsion angle is -72.2(1)°. A literature comparison was not 
possible because no analogous derivatives were found in the Cambridge 
Structural Database (Allen, Kennard & Taylor, 1983). A molecular model of 
the anti conformer appeared less crowded than the gauche. Molecular 
mechanics calculations using the MMX force fieldtt+ predict two sets of 
energy minima conformers, gauche and two degenerate anti conformers 
(Table 4E.3). Figure 4E.2 illustrates the calculated torsional energy profile for 
rotation about 0 3 —C8 bond. The MMX calculated torsional energy profile 
resembles that for rotation about the central bond in n-butane (Allinger,
+++PCMODEL Molecular Modeling Software for the IBM PC/XT/AT 
and compatibles, obtained from Serena Software, Bloomington, IN, was used 
for the calculations. Torsional energy profile was calculated using the D- 
Drive sub-routine. For a discussion of the MMX enhanced version of MM2, 
see: Gajewski, J. J., Gilbert, K. E. & McKelvey, J. (in press). /. Advances in 
Molecular Modeling, Vol. 2; JAI Press: Greenwich, CT.
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Table 4E.3. MMX calculated acetonitrile side-chain conformations and 
Relative Energies of 4.8
C7-03-C8-C90 C2-C7-03-C80 Rel. Energy 
(kcal/mole)
M-+
(D)
ddvchrg*
(kcal/mole)
E§
l ‘ -72.2(2) -173.4(1)
2 72.8 173.1 0.27 4.1 -3.51 1.5
3 -72.6 -173.7 026 4.1 -350 1.5
4 172.6 -174.8 0.00 5.1 -3.34 1.5
5 -172.6 174.6 0.00 5.1 -3.34 1.5
6 71.9 175.6 0.56 4.1 -0.06 78.3
7 -71.9 -175.6 0.56 4.1 -0.06 78.3
8 175.1 -173.4 0.00 6.2 -0.05 78.3
9 -175.1 173.3 0.00 6.2 -0.05 78.3
* X-ray conformation. ^Dipole moment. 1-Electro static energy. D^ielectric constant
[gauche- y  9  |gauche* |2.5
R
I  2
A
TI
VE 1.5
2.8E
N
E
RG
Y
2.0 2.0
0.6
-100 -120 0 60-60 120 100
DIHEDRAL ANGLE (degrees)
Figure 4E.2 Molecular mechanics torsional 
energy profile (in kcal/mole) for rotation 
about 03—C8 bond in 4.8.
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Grev, Yates & Schaefer III, 1990; Kingsbury, 1979). The anti conformer of 1 
is predicted to be lower in energy by about 0.3 kcal/ mole at a constant 
dielectric £=1.5. This energy difference is increased to about 0.6 kcal/m ole 
at e=78.3.
Why is gauche the preferred conformer in the crystal structure of 4.8? 
The calculated rotational energy barrier, the syn barrier, is about 2.8 
kcal/m ole for the acetonitrile side-chain in 4.8. The height of the barrier is 
similar to magnitudes of the barriers to rotation of many small organic 
molecules (Lowe, 1968). The magnitude of the barriers separating the anti 
from the gauche conformers is even lower (about 2.0 kcal/mole).
A closer examination of the above results (Table 4E.3) however, reveals 
that the global minimum for the anti conformer exhibits a larger dipole 
moment than for the gauch at e=78.3. Note that the electrostatic energies for 
all conformers diminish to almost zero at e=78.3, but the calculated dipole 
moments for the gauche conformers remain unaffected. At a constant 
dielectric e=1.5 however, the calculated electrostatic energies for the 
degenerate gauche conformers are lower than that for the anti by 0.37-0.38 
kcal/mole. In addition, the calculated molecular dipole moments (ji) also are 
lower for the gauche conformers at £=1.5.
The above results suggest that the crystal structure of 4.8 adopts the 
conformation with the lower dipole moment. The concept of dipole moment 
is not new, and at one time served as a principal source of information 
regarding molecular structure, especially in the elucidation of conformational
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equilibria in chain polymers and other nonrigid molecules (Braun, 
Stockmayer & Orwoll, 1970). Recently, Bond and Schleyer (1990) have shown 
theoretically that dipole moment is important in determining the molecular 
conformation of unsaturated ethers in the gas phase. Similar argument has 
been employed for explaining conformational preference of 1,2-dichloro- 
ethane (Aroney, Izsak & Le F6vre, 1962; Le Fdvre & Orr, 1964) and 1,2- 
dibromoethane (Schrumpf, 1982) in solution. Likewise, the preferred 
conformation of methyl formate has been attributed to electrostatic effects 
(Wennerstrom, Forsen & Roos, 1972; Mark & Noe, 1989; Wiberg & Laidig, 
1987). Houk et al. (1980) suggested that the preferred syn conformation of 
the imine anion is also due to electrostatic effects. More recently, barriers to 
rotation involving ions derived from methylimine and amidine also have 
been attributed to electrostatic energy (Wiberg, Breneman & LePage, 1990).
Electrostatic considerations are not limited to conformational analysis, 
and have been invoked in explaining other physical properties. For example, 
changes in electrostatic effects with conformation in esters and ester anions 
have been attributed to the unusual acidity of Meldrum's acid (Wang & 
Houk, 1988; Wiberg & Laidig, 1988). In view of the above findings, it seems 
plausible that the preference for the gauche conformer in the crystal structure 
of 4.8 could also be accounted for by electrostatic considerations.
Support for this work is provided by grant GM35815 from the National 
Institutes of Health.
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Table 4E.1. Coordinates and Equivalent Isotropic Thermal Parameters
Atom X y z Beq (A2)
O l 0.54781(8) 0.1706(1) 1.0171(1) 4.27(2)
0 2 0.62452(9) -0.0139(1) 0.9026(2) 5.30(2)
0 3 0.63499(7) 0.4270(1) 0.9463(1) 3.33(2)
N1 0.7768(1) 0.7197(2) 1.1725(2) 4.79(3)
C l 0.6264(1) 0.1209(1) 0.9523(2) 2.83(2)
C2 0.7302(1) 0.2035(2) 0.9206(2) 2.68(2)
C3 0.8290(1) 0.1269(2) 0.8939(2) 3.22(3)
C4 0.9287(1) 0.1973(2) 0.8630(2) 3.64(3)
C5 0.9284(1) 0.3462(2) 0.8541(2) 3.44(3)
C6 0.8316(1) 0.4260(2) 0.8802(2) 3.14(2)
C 7 0.7330(1) 0.3556(2) 0.9164(1) 2.64(2)
C8 0.6297(1) 0.5795(2) 0.9245(2) 3.37(3)
C9 0.7136(1) 0.6568(2) 1.0650(2) 3.44(3)
Beq = ( 8 7 1 7 3 ) 2 ^ * ^ Ji-aj
Table 4E.2. Bond distances (A), angles (°), and selected torsion angles (°)
Distances
O l C l 1.2210(8) C2 C7 1.408(1)
0 2 C l 1.3051(9) C3 C4 1.386(1)
0 3 C7 1.3708(7) C4 C5 1.379(1)
0 3 C8 1.4201(9) C5 C6 1.388(1)
N1 C9 1.138(1) C6 C7 1.3906(9)
C l C2 1.4833(9) C8 C9 1.473(1)
C2 C3 1.3937(9)
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Table 4E.2. Cant'd.
Angles
C 7 0 3 C8 118.21(5) C3 C4 C5 119.02(7)
O l C l 0 2 121.27(6) C4 C5 C6 121.13(6)
O l C l C2 125.02(6) C5 C6 C7 119.85(7)
0 2 C l C2 113.70(6) 0 3 C7 C2 116.99(5)
C l C2 C3 118.47(6) 0 3 C7 C6 123.21(6)
C l C2 C7 122.80(6) C2 C7 C6 119.80(6)
C3 C2 C7 118.74(6) 03 C8 C9 112.93(6)
C2 C3 C4 121.42(7) N1 C9 C8 178.23(8)
O l C l C2 C7
Torsion angles 
-18.1(2) 0 2  C l C2 C3 -18.7(2)
C l C2 C7 0 3 1.1(2) C2 C7 0 3 C8 -173.4(1)
C6 C7 0 3 C8 5.5(2) C7 0 3 C8 C9 -72.2(2)
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Optimizations in the Preparation of the First 
Benzimidazolyl Salicylic Acid Derivative. An Efficient
One-Pot Synthesis of 
2-(2-C arbom ethoxy)phenoxym ethylbenzim idazole.+*
Nabeel A. R. Nabulsi and Richard D. Gandour++
Department of Chemistry, Louisiana State University,
Baton Rouge, Louisiana 70803-1804
Abstract. A novel synthetic route leading to the preparation of the title 
compound is described. The methyl ester, 2-(2-carbomethoxy)phenoxymethyl- 
benzimidazole, was prepared in a single-pot reaction from the reaction of 
phenylenediamine dihydrochloride with the acetimidate generated in situ by 
treatment of 2-carbomethoxyphenoxyacetonitrile with sodium in methanol. 
This one-pot procedure gave the best overall yield of the desired 
benzimidazole. The structure of 2-(2-carboxy)phenoxymethylbenzimidazole 
has been determined by spectroscopic methods and X-ray analysis.
+In press, /. Org. Chem. 1991, 56.
* Presented in part at the 197— National Meeting of the American 
Chemical Society, Dallas, TX, Apr 9-14, 1989; Abstract ORG 168.
^To whom correspondence should be addressed.
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Introduction. Considerable interest has been directed towards modeling 
active sites of enzymes especially those of the serine proteases.1 Most of 
these studies involve reconstructing the charge-relay system on a small 
framework.2 Quite recently, models with the syn lone pair of carboxylate 
oriented toward the imidazole have appeared.3,4 Such models allow an 
evaluation of our hypothesis that the syn lone pairs of carboxylate are more 
basic than the anti?
Our interest in biomimetic6 chemistry focuses in part on the design and 
synthesis of biomodels with two or more functional groups with defined 
spatial arrangement between these groups. In particular, we desire chemical 
models that possess both syn and anfi-oriented carboxylates in addition to 
other functionalities. We have prepared the acid derivative of the title 
compound, 4F.1, as an intramolecular model for hydrogen bonding between 
carboxyl and imidazole. We have reported the crystal structure, which 
exhibits a strong infermolecular syn-oriented hydrogen bond between the
carboxyl and the benzimidazolyl instead of an intramolecular anti-oriented 
hydrogen bond.7 We describe herein the preparation of 4F.1 by optimized 
procedure, which has general applicability to the synthesis of functionalized
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benzimidazoles.8 Benzimidazoles are commercially important as 
pharmaceuticals, veterinary anthelminitics, fungicides, and insecticides.9 
Furthermore, they are established inhibitors of cytochrome P-450 mediated 
enzyme activity of various species.10
Results and Discussion.
Williamson's Route. Initially, we attempted to prepare 4F.1 via the 
Williamson ether synthesis by coupling methyl salicylate and 2-chloromethyl- 
benzimidazole. Bahadur and Pandey11 had synthesized the para analogue 
of 4F.1 by this method. In our hands, however, all attempts12 to prepare 
4F.1 by this method failed.13,14,15
Method of Phillips. Once the Williamson method proved unsuccessful, we 
turned to the conventional method of Phillips16 (reaction 1). Accordingly, 
the desired ester precursor 4F.2 was prepared in 81% isolated yield from the
|^S'V|,C02Me
^ /■ "^O C H jC O jE t
4F.2
f«^'YNH2 4N HC1
^ rO H ,(2 3 % )
^ Y C O j H  H* c f  
4F.1 -HC1 H
(4F.1)
reaction of methyl salicylate with ethyl bromoacetate and potassium 
carbonate in refluxing acetone. Refluxing a solution of 4F.2 and 
phenylenediamine in 2-methyl-l-butanol in the presence of dilute aqueous
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HC1 gave the hydrochloride salt of 4F.1 in 23% crude yield. The reaction 
was repeated under milder conditions but without success.17
Method of King and Acheson. The problems encountered in the preparation 
of 4F.1 have led us to explore alternative procedures. We prepared 4F.1, in 
good overall yields, by two independent routes following the method of 
King and Acheson18 for the preparation of benzimidazoles.19,20,21,22
We have developed a one-pot reaction (Scheme I) for the preparation 
of 4F.5 in order to avoid handling the hygroscopic imidates. This method
Scheme I
,C02Me Na/MeOH
+ OMe
OCH2C  ^
4F.4 0Me.
affords 4F.5 in higher yields than the traditional two step procedure 
described by King and Acheson.18 It involves condensation of 
phenylenediamine dihydrochloride with the basic imidate 4F.4 that is 
generated in situ by the method of Schaefer and Peters.23
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The success of this single-pot procedure depends on regulating the base 
and acid that are required for the two steps. Conversion of nitriles into 
basic imidates requires a catalytic amount of base.23 Formation of
benzimidazoles however, occurs most readily with the reaction of
phenylenediamine and an imidinium ion.18 We have used one equivalent 
of base to produce 4F.4, and the resulting methoxide is neutralized with 
phenylenediamine dihydrochloride, thus producing methanol and o-phenyl- 
enediamine monohydrochloride in situ. The second equivalent of HC1 is 
necessary for generating the reactive imidinium salt, 4F.4-HC1, which 
subsequently condenses with phenylenediamine to give 4F.5.24 The latter 
step likely proceeds via the amidininium intermediate which undergoes 
facile intramolecular condensation 25 The overall reaction mechanism is acid- 
catalyzed (Scheme II). Hydrolysis of 4F.5 to 4F.1 is accomplished by
treatment with dilute HC1 followed by neutralizing with NH4OH. The
structures of 4F.1,7 4F.1-HC1,26 and 4F.526 have been established by single 
crystal X-ray analysis.
Summary. We have outlined the synthetic methods employed in the 
preparation of the first benzimidazolium salicylate derivative. We have also 
developed a one-pot method, which complements the method of King and 
Acheson, for the preparation of the ester derivative of the title compound. 
This procedure gives higher yields and obviates the necessity for isolating 
the otherwise hygroscopic imidates.
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Scheme II
+ MeOH
Experimental Section
General Procedures. Melting points were measured on Fisher Johns or 
Electrothermal melting point apparatus and are uncorrected. and 13C 
NMR spectra were recorded with IBM AF 100, Bruker AC 200, or Bruker 
AM 400 FTNMR spectrometers. Proton chemical shifts are expressed in 
parts per million (ppm) dow n field from internal tetramethylsilane (TMS). 
13C chemical shifts are also expressed in ppm  relative to the solvent 
chemical shift. Infrared (IR and FTIR) are reported in reciprocal 
centimeters, and were recorded either with Perkin Elmer 2.83B 
spectrophotometer or IBM IR/44 FTIR spectrophotometer. Mass spectra 
were obtained with Hewlett-Packard 5985A mass spectrometer. Elemental 
analyses were performed either by Desert Analytics of Tuscon, Arizona, or 
by Oneida Research Services of Whitesboro, New York.
Unless otherwise noted, all materials were obtained from commercial
Appendix 4F 228
suppliers and used without further purification. Dioxane and 
tetrahydrofuran (THF) were distilled from a mixture of sodium and 
potassium. Reagent grade dimethylsulfoxide (DMSO) was stored over 
molecular sieves (4 A) for 24 h before use. Phenylenediamine was 
recrystallized from hexane and sublimed under vacuum before use. 
Phenylenediamine dihydrochloride and methyl salicylate were used as 
received. Chloroacetonitrile was distilled and stored over molecular sieves 
before use.
2-Carbomethoxyphenoxyacetonitrile (4F.3). Under nitrogen, a solution 
of methyl salicylate (6.5 mL, 50.0 mmol) in 50 mL of DMSO was added 
dropwise over a period of 2 and M h to a stirring solution of anhydrous 
K2C 0 3 (7.0 g, 55.0 mmol) in 50 mL DMSO at room temperature and the 
resulting solution was stirred for 1 h. Then a solution of chloroacetonitrile 
(4.7 mL, 75.0 mmol) in 100 mL DMSO was added dropwise over a period 
of 5 and M h  at room temperature. After completion of the addition, the 
reaction mixture was stirred for 1 h. The resulting mixture was filtered, 
and the filtrate was poured into 300 mL of cold water. The precipitate that 
formed was filtered, washed with cold water, and air dried giving 7.13 g 
(76%) of 4F.3 as white powder with a melting point of 53.0-54.0°C. 
Recrystallization from hexane yielded colorless needles with mp. 54.5-55.0°C 
(lit27: 53-54°). IR(KBr), 1725 (C = 0), 1599 (C=C), 1276, 1232, and 1090 cm 1 
(alkyl a n d /o r aryl C—O); lH  NMR (400 MHz, CDCI3) 5 3.89 (s, —C0 2CH3,
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3H); 4.86 (s, —OCH2CN, 2H); 7.10-7.20 (m, ArH, 2H); 7.47-7.56 (m, ArH, 
1H); 7.83-7.88 (m, ArH, 1H); 13C NMR (100.61 MHz, CDC13) 5 52.26 (s), 
55.66 (s), 115.18 (s), 116.45 (s), 122.15 (s), 123.62 (s), 132.16 (s), 133.82 (s), 
156.14 (s), 165.76 (s); MS, m/e (relative intensity) 191 (M+, 3.8), 176 (18.2), 
160 (58.4), 159 (14.8), 149 (10.2), 148 (20.6), 135 (6.5), 120 (57.9), 105 (55.1), 
95 (19.5), 92 (100.0), 77 (35.7), 65 (22.4), 64 (56.0), 63 (85.9), 62 (23.6), 51 
(21.0), 50 (19.9). Anal. Calcd for C10H9NO3: C, 62.82; H, 4.74; N, 7.33; O, 
25.11. Found: C, 62.71; H, 4.52; N, 7.27; O, 25.09.
2-(2'-Carbomethoxy)phenoxymethylbenzimidazole (4F.5). Under nitrogen, 
sodium (0.35 g, 15.0 mmol) was added to a stirring solution of 4F.3 (3.0 g, 
15.7 mmol) in 50 mL anhydrous methanol at room temperature. The 
resulting warm solution was stirred at ambient temperature for 40 min. To 
this colorless solution was added phenylenediamine dihydrochloride (2.72 g, 
15.0 mmol), and the resulting solution turned yellow followed by formation 
of a precipitate. Stirring was continued for 2 h. The salts that formed were 
filtered, and the filtrate was treated with decolorizing charcoal. After 
removing the charcoal, water (about 70-75 mL) was added to the alcoholic 
solution until cloudiness developed, and the resulting mixture was allowed 
to stand at room temperature for several hours. The precipitate that formed 
was filtered, washed with water, and air dried giving 3.66 g (88%) of 4F.5 
as colorless plates with m.p 159-159.5°C. FTIR (KBr, cm'1) 3300-2200 (br, 
N—H, H-bonded), 1727 (Ar—C = 0 , with a shoulder at 1680), 1599, 1588,
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1491 (Aryl C =C , and N heterocycl. combination of C =C  and C =N ), 1433 
(Aryl multiple C=C ), 1242, 1086, 1045 (Alkyl a n d /o r  Aryl C—O), 761, 752, 
741 (Ar—H def.); *H NMR (100 MHz, CDC13, ppm) 3.93 (s, —COjCHg, 3H); 
5.47 (s, ArO—CH2—, 2H); 6.96-7.91 (m, ArH, 8H); 11.54 (br, = N H , 1H); l3C 
NMR (50.33 MHz, CDCLj, ppm) 52.29 (s), 65.93 (s), 111.38 (s), 114.56 (s), 
119.25 (s), 119.85 (s), 121.73 (s), 122.02 (s), 122.72 (s), 131.95 (s), 133.49 (s), 
134.37 (s), 143.65 (s), 150.80 (s), 158.15 (s), 166.46 (s); MS, m/e (relative 
intensity) 282 (M+, 14.7), 253 (21.7), 131 (100.0), 104 (10.4), 77 (17.5). Anal. 
Calcd for C16H14N20 3: C, 68.07; H, 5.00; N, 9.93. Found: C, 68.18; H, 5.00; N, 
9.95.
2-(2'-Carboxy)phenoxymethylbenzimidazole (4F.1). A suspension of 4F.5 
(4.0 g, 14.0 mmol) in 100 mL of 0.5 N HC1 was refluxed for 15 h. Cooling 
to room temperature resulted in formation of a precipitate. The resulting 
mixture was warmed until complete dissolution of the precipitate, followed 
by neutralizing with concentrated NH4OH. After cooling to room 
temperature, the precipitate that formed was filtered, washed with water, 
and air dried giving 3.33 g (85%) of 4F.1 as a white solid with mp. 200- 
203.5°C Recrystallization from a mixture of 1:2 water/absolute ethanol 
gave tan needles with mp. 212.5-213 °C. A second recrystallization from 
80% aq. dioxane yielded white solid with mp. 201.5-202°C. A suitable single 
crystal for X-ray analysis was obtained by slow evaporation from dioxane. 
FTIR (KBr), 3454 (R2N—H), 3330-2680 (H—bonded COO—H centered at
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3194), 3069 (Ar—H), 1680 (Ar—C = 0 ), 1601, 1489 (Aryl C =C , and N 
heterocyd. C = C  and C =N ), 1452, 1439 (Aryl multiple C=C), 1271, 1095, 
1049 (Alkyl a n d /o r Aryl C—O), 735 cm ^A r—H def.); ’H NMR (100 MHz, 
d6-DMSO) 8 5.47 (s, ArO—CH2—, 2H); 6.99-7.72 (m, ArH, 8H); 13C NMR 
(25.16 MHz), d6-DMSO, ppm) 64.80 (s), 114.78 (s), 115.03 (s), 121.30 (s), 
122.05 (s), 122.61 (s), 130.75 (s), 132.86 (s), 138.14 (s), 150.14 (s), 156.59 (s), 
167.17 (s); MS, m/e (relative intensity) 268 (M+, 34.3), 239 (10.2), 223 (11.0), 
131 (100.0), 104 ( 17.5), 92 (10.2), 77 (28.8), 65 (11.8), 64 (12.6), 63 (14.9). 
Anal. Calcd for C15H12N203 • *  HzO: C, 64.98; H, 4.36; N, 10.10. Found: 
C, 65.22; H, 4.50; N, 10.16. Anal. Calcd for C15H12N20 3: C, 67.16; H, 4.51. 
Found: C, 66.87; H, 4.49.
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